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...@ tradition at NEW YORK SHIP 


Since the first keel for a naval ns) 
vessel was laid at New York Ship, i | 
shortly after the turn of the — 
century, an uninterrupted program : 
of naval construction has been 
| on the yard schedule. ny 4 
In peace or war, New York Ship 


continues to build for the Navy 
...a tribute to the men who carry 


on the traditions of the founders. 


NEW YORK SHIPBUILDING CORPORATION 
CAMDEN,N.J. 
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1500-Pound 
Pressure-Seal Bonnet 

Globe Valve 
Socket-Welding Ends 


EVERYTHING IN 


PIPING EQUIPMENT FOR 
SERVICE ON SHIP OR SHORE 


CRANE CO., General Offices: 
836 S. Michigan Ave., Chicago 5, Illinois 
' Branches and Wholesalers Serving All Industrial Areas 


CRANE 


VALVES ° FITTINGS * PIPE * PLUMBING AND HEATING 
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ADVERTISEMENTS iii 


CUTLESS BEARINGS 


for 
Stern Tubes and Struts 


Soft rubber bearing surface—efficiently lubricated by water—this bear- 
ing far outlasts all hard surface types, protects propeller shafts, reduces 
vibration. More than pays for itself in extra wear alone. Saves you 
time, trouble, and upkeep expense. Write for 60-page booklet. 


LUCIAN Q. MOFFITT, INC. 
AKRON, OHIO 


Seaporcel 


REG. TR. MARK 


is a ceramic coating (fused into its metal base 
at 1550° F.) 


SEAPORCEL increases life of mufflers, tail 
pieces, incinerator uptakes and other parts of 
ships where corrosion, erosion and thermal 
shock are factors. 


SEAPORCEL METALS, INC. 
28-20 Borden Avenue ; 
Long Island City = New York 
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ELLIOTT 


b serves the fleet and Naval bases with such equip- 


Deaerating Feedwater Heaters ~~ 
Turbine-Generators * Mech Drive Turb 
[a Condensers Strainers Tube Cleaners 
Information and bulletins on request Q-1075a 


ELLIOTT COMPANY 


District Offices in Principal Cities am 


~Bendix’ DEPTH RECORDER 


The Bendix Supersonic Depth them. Weighs only 90 pounds. 


Recorder draws an instantane- Easily installed in any conven- 
ous, permanent chart of all ient location. Accurate to 200 
undercraft conditions in their feet or 200 fathoms. Write for 
actural profile as you pass over complete details. 


Pacific Division 


Bendix Avi CONTRACTORS TO THE U. S. NAVY 


THE BERWIND-WHITE COAL MINING CO. 
1 BROADWAY, NEW YORK 4, N. Y. 
PROPRIETORS, MINERS AND SHIPPERS OF 

BERWIND’S EUREKA 
BERWIND’S STANDARD NEW RIVER and 
BERWIND’S STANDARD POCAHONTAS 


SMOKELESS STEAM COALS 
ALSO 


BERWIND’S STANDARD ELKHORN 
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ADVERTISEMENTS 


CORROSION Dar, 
detaits 
CORROSION ractons of problem, 

PROCESS On 


The battle against corrosion... prob- 
ably as old as man’s first metal tools 
and weapons...is never fully won, 
for our technological progress creates 
new corrosion problems almost daily. 


To meet the challenge of these ever- 
recurring problems INCO has for many 
years engaged in a co-operative re- 
search program with several other 
producers of metals, alloys, and protec- 
tive coatings. Such a project is the 
Kure Beach, North Carolina, Testing 
Station, maintained jointly by the In- 
ternational Nickel Company and other 
co-operating companies. Here, metal 
specimens and apparatus are exposed 
to sea water, sunlight, and corrosive 
sea atmospheres. A careful record is 
kept of damage by corrosion, erosion, 
and combinations of both. 


Test rack of Harrison oil cooler models at Kure 
Beach, North Carolina. The Kure Beach station 
is maintained by The International Nickel Com- 
pany and other co-operating companies. 


HOW TO GET HELP FROM INCO 


When you bring your corrosion prob- 
lems to INCO, here is what happens: 


Reference is made to the file of cor- 
rosion data accumulated during the 
past 38 years by INCO’s corrosion re- 
search, plus information abstracted 
from technical literature. This file... 
composed of more than 30,000 Corro- 
sion Data Sheets...is indexed by a 
modern punched-card system which 
quickly locates information on the 
basis of corrosive medium, industry, 
or metal. 


Since the data filed are not confined 
to Nickel alloys, an ample basis is 
provided for direct comparison with 
other materials that may have been 


used previously or are being consid- 
ered. 


When you need help with a metal 
problem, write to INCO’s Corrosion 
Engineering Service. They will send 
you a Corrosion Data Work Sheet to 
help you describe your problem in de- 
tail. After receipt of this completed 
form, INCO’s research facilities will be 
brought to bear on your problem... 
and INco will be your ally in the 
continuing fight against corrosion! 


THE INTERNATIONAL NICKEL COMPANY, INC. 
67 Wall Street, New York 5, N. Y. 
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vi ADVERTISEMENTS 


Griscom~Russell 


Distilling Plants 
Feed Water Heaters 
Oil Coolers — Jacket Water Coolers 
G-Fin Fuel Oil Heaters 


Bulletins on Request 


THE GRISCOM-RUSSELL COQ 


285 MADISOP AVENUE, NEW YORE 


GIBBS & COX, INC. 
NAVAL ARCHITECTS AND MARINE ENGINEERS 
ONE BROADWAY ~- 21 WEST STREET 


NEW YORK, NEW YORK | 
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ADVERTISEMENTS Vii 


for Navy, 

Army, 

and Air Force 
instruments and controls 
that reflect 

precision research 


and engineering. 


RY GYROSCOPE COMPANY 


DIVISION OF THE SPERRY CORPORATION 


GREAT NECK, NEW YORK 
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1888-1950 


BATTERIES DEPENDABLE... 


on land, at sea, and in the air. 
THE ELECTRIC STORAGE BATTERY CO., Philadelphia 


Shipbuilders 
and 
Engineers 


* 
BATH IRON WORKS 
BATH, MAINE 


SHIPS OF ADVANCED DESIGN AND FINISHED 
CONSTRUCTION BUILT IN THE BIRTHPLACE 
OF AMERICAN SHIPBUILDING 


JOHNS-MANVILLE 


Materials for 


abd MARINE SERVICE 


_Incombustible Materials Acoustical Materials 


 Johns-Manville 
Box 290, New York 16, N. . 


COLLINS RADIO COMPANY 


CEDAR RAPIDS, IOWA 


11 West 42nd Street 2700 West Olive Avenue 
New York 18, N. Y. Burbank, California 


Designers and manufacturers of radio communication 


and navigation equipment for the Armed Services. 
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ADVERTISEMENTS ix 


TANKER 
PROGRESS 


The eleventh, and last, of a 
group of modern 628-foot tankers 
of the above type has now been 
delivered by the Newport News 
Shipbuilding and Dry Dock Com- 
pany. With a capacity seventy per 
cent greater than the World War 
\| T-2 tanker, these tankers travel 
ten per cent faster at a speed of 
sixteen knots. 


Eleven such vessels will aid sub- 
stantially in the ever increasing 
world-wide transportation of oil. 
Their total capacity of 106 million 
gallons could more than supply the 
gasoline needs of the entire State 
of New York. 


ESSO SUEZ 


Forty-seven tankers of varying 
sizes have been constructed at 
Newport News since 1906. Placed 
bow to stern they would extend 
over miles. 


Whether it be tanker construc- 
tion, voyage repairs, or the build- 
ing of a great passenger liner, 
Newport News has the personnel 
and facilities to do the job. 


NEWPORT NEWS 


SHIPBUILDING AND DRY DOCK 
COMPANY 
Newport News 
Virginia 
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A Cl) U M building and Dry Dock 
V the Socony-Vacuum Oil 


x ADVERTISEMENTS 
Company for Tankers, 
SUPER TANKERS 


One of seven De Laval- 
NY- me powered super tankers 

: built by the Sun Ship- 
Inc., for operation by 


b 
De Laval 


Geared Turbines 


Each of these 27,000 ton, deadweight, 628’ Super 
Tankers built by the Sun Shipbuilding and Dry 
Dock Company is powered with a 12,500 SHP De 
Laval cross-compound, double reduction, geared 
turbine propelling unit. 
Write Dept. 4206-29-X 
; N-29 


DE LAVAL 
MARINE DIVISION 


DE LAVAL STEAM TURBINE CO., TRENTON 2, N. J. 


TURBINES e HELICAL GEARS ¢ CENTRIFUGAL BLOWERS AND COMPRESSORS 
CENTRIFUGAL PUMPS « WORM GEAR SPEED REDUCERS e IMO OIL PUMPS 
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ADVERTISEMENTS xi 


Service 


Powered by C-E Boilers 


Just before noon on Friday, April 21st, the S. S. Wilfred Sykes, largest 
and fastest cargo ship ever built on the Great Lakes, departed from 
Lorain, Ohio, on its maiden voyage. 

This great bulk carrier, latest addition to the fleet of the Inland 
Steel Company, was built in the yard of the American Ship Building 
Company. It is 678 feet long, 70 feet wide and 37 feet deep. The ship 
has a capacity of 20,000 tons of ore or coal and a speed of 16.5 
miles per hour. 

The geared turbine drive of the Wilfred Sykes is designed, at normal 
rating, to develop 7,000 shaft horsepower at 100 RPM. Steam for the 
turbine is supplied by two C-E Boilers (shown at left), each of which 
has a normal rated capacity of 32,000 pounds of steam per hour, with 
overload capacity to 48,000 pounds per hour. Steam is produced at 
450 psi and 750° F. Specially developed for the Wilfred Sykes, these 
C-E Boilers incorporate every worthwhile improvement in modern 
marine boiler design. B-410A 


SUPERHEATER, INC. 


200 Madison Avenue e New York 16, New York 


the Lakes. 


COMBUSTION ENGINEERING— 


All Types of Steam Generating, Fuel Burning and Related Equipment for Stationary and Marine Applications 
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ADVERTISEMENTS 


PROPULSION GEARS 
For One Of 1200 Ships 


This main gear drive was de- 
signed and built for heavy-duty 
service in a Navy ocean-going 
tug —one of over 1200 vessels of 
more than thirty different types 
for which Farrel has supplied 
reduction gears. 


The gears are generated by 
the famous Farrel-Sykes process. 
Their accuracy of tooth contour 
and tooth division and their con- 
tinuity of tooth engagement re- 
sult in smooth, quiet operation, 
under all conditions of service. 


-FARREL-BIRMINGHAM COMPANY, INC. 


Marine Division: 


Chrysler Building, New York 17, N.Y. 
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ADVERTISEMENTS Xili 


The American Merchant Marine— 
Mid-Century Analysis 


gy AMERICAN MERCHANT Marine CoNFERENCE sponsored by The 
Propeller Club of the United States in conjunction with its Twenty- 
fourth Annual Convention, will be held in Baltimore, Md., September 
27th, 28th and 29th, 1950. For the first time since 1941, this joint meeting 
will be held outside of New York. 

The Conference theme will be “The American Merchant Marine — 
Mid-Century Analysis.” Truly, in this year 1950 the American Merchant 
Marine is confronted by an intensely serious situation. Problems of vital 
concern must be solved if our merchant shipping is to serve effectively 
as a bulwark of defense and as a medium for the transportation of our 
domestic waterborne commerce and a substantial portion of our foreign 
trade. 

Panel Discussion Meetings will be held on September 27, 28 and 
29th; the joint Convention-Conference Luncheon on Thursday, Sep- 
tember 28th; Propeller Club Convention Session on Friday, September 
29th; and on the evening of that date, the annual American Merchant 
Marine Banquet. At all of these sessions, outstanding leaders repre- 
senting government and the industry will present their thoughts on 
subjects of the utmost importance affecting the future of the American 
Merchant Marine. 

Today, more than ever before, constructive and coordinated efforts 
and action are essential . .. The cooperation and participation of everyone 
possessing an interest in the American Merchant Marine are needed .. . 
Arrange now to attend the American Merchant Marine Conference and 


take part in this very important gathering of the American Marine 
Industry! 


AMERICAN MERCHANT MARINE CONFERENCE 


LORD BALTIMORE HOTEL — BALTIMORE, MD. 
September 27, 28 and 29th, 1950 


For complete details and Advance Program, address 


The Propeller Club of the United States 


National Headquarters 
17 Battery Place, New York 4, N. Y. 


J. LEWIS LUCKENBACH, Chairman LOUIS B. PATE, National President 
American: Merchant Marine The Propeller Club of the United States 
Conference Committee 


H. C. JEFFERSON, General Chairman HAROLD J. HARDING, National Secretary-Treasurer 
Balti Cc tion Committee The Propeller Club of the United States 
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XiV ADVERTISEMENTS 


The former Ward liner Oriente, now the trans- 
port Thomas H. Barry, is retiring from active 
service and joins the reserve fleet with the 
distinction of having been the most traveled 
ship of her age in the U. S. merchant service. 
Dependably powered for 19 years by the same 
six B&W Boilers, she is still, according to her 
skipper, capable of her designed 20 knots. 


Designing and applying marine boilers for 
long and dependable service is a 75-year old 
tradition at B&W. That’s why so many ships’ 
architects, builders, and operators keep looking 
to B&W for boilers that deliver dependable, 
low-cost steam-power throughout the life of 
their vessels. M271 
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you can SURE .. irs | Westinghouse 


Marine Propulsion Turbine 
T-2 Turbine Electric Tanker . 4 
compact, economical, efficient, 


Whatever Your Marine Problem 
... CONSULT WESTINGHOUSE! 


Westinghouse is equipped to furnish main drives, auxiliaries, i 
and all types of shipboard steam and electrical equipment. : 

Ask your nearest Westinghouse office for booklet 
B-3493, DIESEL ELECTRIC MARINE PROPULSION; booklet 
B-3497, GEARED TURBINE MARINE PROPULSION; or 
booklet B-3308A, TURBINE-ELECTRIC MARINE PROPUL- 
SION. Westinghouse Electric Corporation, P. O. Box 868, 
Pittsburgh 30, Pennsylvania. 
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Largest Test Gun Fires 2,000-Pound Bombs and Guided Missile Warheads at Supersonic Speeds 


SPECIFICATION PRODUCT PERFORMANCE 


INTEGRATED SPECIFICATION 
PRODUCT PERFORMANCE 


Two Parts 


PART I. THE PROBLEM—ELLSWORTH F. SEAMAN 


PART II. THE CAPACITOR—PHILIP D. BELL 


THE AUTHORS 


ExtswortH F. SEAMAN studied Electrical Engineering at the Carnegie Insti- 
tute of Technology, Pittsburgh, Pennsylvania. After leaving school in 1923 his 
professional career between 1923 and 1931 consisted of engineering work with 
electrical utility companies in Pennsylvania, New York, Alabama and Texas, In 
1931 he entered the employ of the Bureau of Engineering. During his nineteen 
years’ service with the Navy Department he has been in electrical engineering 
work in the research, development and standardization categories. He is currently 
acting in the Navy Department civilian administrative capacity for the Armed 
Services Electro-Standards Agency, Fort Monmouth, New Jersey, and is engaged 
in general standardization planning work for the Bureau of Ships, including 
International Standardization. 


Puitie D. Bett graduated from Pennsylvania State College with a degree 
in Electrical Engineering in 1937. From this time until 1942 he was employed in 
engineering work with electrical manufacturers in Pennsylvania and Ohio. 
Joining the staff of the U. S. Navy in 1942, his time has been spent mainly in 
directing test activities at Naval Research Laboratory and Material Laboratory. 
Associated with the Bureau of Ships from 1 January 1948, his responsibilities 
have been divided among three electronic component activities: research and 
development, preparation of military specifications, technical administration of 
government and non-government laboratory testing. 
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INTEGRATED SPECIFICATION PropucT PERFORMANCE 


Part I 


THE PROBLEM 


The science of semantics has provided 
man with a method of thought communi- 
cation through the spoken or written 
word, but a challenge to the adequacy 
of this means of thought transfer arises 
in the evolution and use of a purchase 
specification. Starting with the premise 
that we are a part of a literate environ- 
ment it is certain that combinations of 
words in specification form will always 
convey meanings to the producer that 
may or may not be consistent with the 
interpretation intended by the consumer 
and specification writer. 

The hazard of ambiguity is present 
in all types of specifications (design or 
formulation and performance*) and it 
is therefore essential that the finished 
document be tested by the questions: 
Does any statement in the specification 
have more than one interpretation? 
Have the test methods for measuring 
performance characteristics been accu- 
rately defined and are they reproducible? 
Has the intent of the consumer to get 
the most fer his money been frustrated 
by giving a poor or mediocre product 
the edge over a superior product? Each 
of these questions is in itself the 
basis for lengthy discussion but this 
paper is primarily concerned with the 
last and with the availability of ready 
and workable answers. 

There is considerable leeway in the 
handling of business matters in industry, 
for the exercise of engineering judg- 
ment in the acceptance or rejection of a 
bid on a product covered by a specifica- 
tion. There are many cases where a 
product falls below the specified limit 
for a relatively minor characteristic but 
exceeds the minimum requirement by a 


*Performance specifications are defined as those 
requirements that specify what is needed by the 
consumer in terms of end use performance. De- 
sign or formulation tell the pro- 
ducer how to make the product by specifying 
design data and formulae. 


‘in non-government procurement. 


wide margin on an important per- 
formance factor. The obvious thing 
would appear to be acceptance of the 
better product having the best overall 
performance but with slight departures 
in some respects from the specification 
requirements; such action can be taken 
if, 
however, this practice were followed 
during government purchase it would 
immediately give rise to the question of 
discrimination, or, expressed in another 
form; how could all competitive bidders 
have the same chance to compete if all 
of the rules for acceptable bids were not 
made known? 

The most obvious corrective step is 
to readvertise under revised specifica- 
tions that lower the unimportant limit 
and raise the important ones, if in mak- 
ing this latter change it is still possible 
to get adequate competition and avail- 
ability. This practice, however, has many 
drawbacks, one of which is the time 
consuming procedure of rewriting a 
specification and readvertising. It also 
poses another problem of how much a 
minimum limit can be lowered before it 
is under the level of adequate per- 


formance. There is no good answer to © 


the man who points out that his product 
will pass a dielectric stress test of 1390 
volts per mil compared to a specified 
minimum of 1400 v/m, so why not 
lower the minimum requirement since 
a decrease of 0.7 percent is not really 


significant? The contention may be true © 


but the ultimate conclusion of successive — 
reductions is a gradual approach to — 


zero. 
It is the aspect of quality that makes 


evaluation of a product difficult by con- © 


ventional performance specification tech- 
nique. It is known from engineering 


experience that exceptionally high per- 


formance for one characteristic usually 


558 


result 
perfo 
engin 
dictin 
perfo 
ing h 
catio1 
occur 
produ 
ance 
acteri 
may | 
less a 
the in 
the re 
minin 
a sum 
ucts ¢ 
tion 


The 
flexib’ 
of spe 
The « 
must | 
chara 
summi: 
lon w 
win Vv 
mensu 
but w 
greate 
gardle 
ures. 
ciple ¢ 
is app 
it be 
trative 
charac 
ceptan 
the po 

It v 
Walte 
cholog 
the cht 
In thi 
career: 
moron 
of the 
failure 


“Suge 
gineer, 


| 


per- 
hing 

the 
erall 


ures 
ition 
aken 

If, 
wed 
ould 
n of 
ther 
ders 
f all 
> not 


p is 
fica- 
limit 
nak- 
sible 
vail- 
nany 
time 
goa 
also 
cha 
re it 
per- 


pr to 


duct 
1390 
ified 

not 
since 
eally 


true @ 


ssive 
h to 


1akes 
con- 
tech- 


ering 


per- 
ually 


SPECIFICATION PRODUCT PERFORMANCE 


results in the compensatory lowering of 
performance for another factor. The 
engineer tries to allow for this by pre- 
dicting where the different levels of 
performance will occur and then reflect- 
ing his conclusions in minimum specifi- 
cation requirements. A difficult problem 
occurs when the products of different 
producers all have the lower perform- 
ance values occurring for different char- 
acteristics. One type of magnet wire 
may have improved heat resistance but 
less ability to remain concentric within 
the insulation than a second type where 
the reverse is true. The acceptance of 
minimum performance values taken from 
a summarization of all competitive prod- 
ucts can result only in general reduc- 
tion of quality. 


The difficulty arises out of the in- 
flexible nature of the conventional type 
of specification that is available for use. 
The criterion here is that the product 
must qualify as many times as there are 
characteristics to be met; it is not the 
summation of performance of the decath- 
lon where an individual win or near 
win will accumulate point credits com- 
mensurable with competitive skill shown, 
but where ultimate victory requires the 
greatest show of total competence re- 
gardless of individual successes or fail- 
ures. Assuming that the decathlon prin- 
ciple or the integrated total performance 
is applied to the specification how could 
it be worked out so as to be adminis- 
tratively practical, non-discriminatory in 
character and technically sound by ac- 
ceptance of the good and exclusion of 
the poor? 

It was suggested* that the work of 
Walter B. Pitkin in his book “Psy- 
chology of Achievement” might furnish 
the clue that would lead to the answer. 
In this work the author analyzes the 
careers of various types of people from 
moron to genius. Each characteristic 
of the man contributing to success or 
failure is plotted in magnitude on one 


*Suggested by Mr. J. N. Hall, Electronics En- 
gineer, Bureau of Ships, Navy Department. 


of the spokes of a wheel emanating 
from a central hub. When the param- 
eter is analyzed for the completed 
curve it is remarkably coordinated in the 
genius circle for personages like Pade- 
rewski and Edison; for others of lesser 
calibre, parameters of lower magnitude 
occur. In using this principle for in- 
dustrial products it would be impracti- 
cable and unrealistic industrywise, to 
require the genius level of performance 
and unsatisfactory from the service re- 
liability standpoint to drop below the 
median level. Excluding the exceptional 
or non-standard cases, the preferred 
strata of potential supply should fall in 
the vicinity of level II, Fig. 1, where 
dots represent sources of supply. 


A study of these ideas has developed 
one technique of evaluation that follows. 
the basic concept of integrated evalua- 
tion; it is set forth as Part II. The 
more complicated integrated area of the 
wheel spoke arrangement has been elimi=- 
nated in favor of the bar graph type 
of computation. The number of samples. 
has been equitably considered by reduc- 
ing performance of all samples to am 
equivalent single sample. Points are 
credited to the score for each test that 
is made and the total score is called the 
“Performance Factor.”+ The perform- 
ance factor value is arbitrarily estab- 
lished based on engineering knowledge, 
consumer needs, and commercial avail- 
ability of the product. The factor is a 

+This should be distinguished from some so- 
called “work factor” types of specifications where 
credit is <= for extra high performance but 


where a fractional departure from specification 
limits means rejection. 


559 


3 

Fig.l 

— 

= 


SPECIFICATION PRODUCT PERFORMANCE 


valid one if it does not reject obviously 
good components or accept poor ones. 

In using this approach to acceptability 
of a product under a performance speci- 
fication it is important to establish cer- 
tain rules for its application. It is 
consistent with the philosophy of this 
discussion that performance factor tech- 
nique should apply only to product 
quality and not to factors involving 
minimum functional requirements or 
dimensional interchangeability needs. 
These two latter categories involve 
usability of a product and should be 
measured by the “go” “no go” limits. 


If a relay coil does not operate at the 
right “pick-up” voltage or if the mount- 
ing dimensions do not fit the space 
available then the product cannot be 
used. These categories are therefore 
not within the scope of performance 
factor evaluation. 

It is obvious after study that any 
system of evaluation will involve a 
question of relative importance of differ- 
ent performance characteristics and the 
assignment of proper weights. One 
solution to this and other problems is 
proposed in Part II using the capacitor 
as a specific product example. 


INTEGRATED SPECIFICATION Propuct PERFORMANCE 


Part II 


Tue CAPACITOR 
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*Not applicable to ‘“‘Degree of Failure”. 
**No more than 3 samples shall fail any test. 


+tIf “Degree of Failure” is over 25%, score zero. 


(1) Weight for each test is derived from the sum of: (a) Where failures occur, from 
proper point on Col. II carry horizontally to Col. I for weight. (b) Where failures 
occur, from proper point on Col. III carry horizontally to Col. I for Weight. 


(2) Where two failures occur, “Degree of Failure” point on Col. II is selected from 


average of both failures. 


(3) Total Weight for all samples on all tests in summation of all weights calculated in 


(1) above. 
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SPECIFICATION 


The chart illustrated by Fig. 2 repre- 
sents a method of analyzing test results 
under electtonic component specifica- 
tions, offering considerable latitude not 
obtainable with the method now used. 
While this chart is general, it can be 
adapted to any particular specification, 
by modification of the listed tests, and 
number of samples tested. It should be 
noted that the numerical values shown 
in the Figure are somewhat arbitrary, 
but can be altered as desired. 

This method judges test results not 
on the basis of predetermined failure 
tables, but on a scale of numerical 
failures and degree of failure for any 
test. For test (A), if no samples fail, 
a score of 200 is attained, 100 each for 


PRODUCT PERFORMANCE 


by being 12.5% over the nominal rating 
where 10% is permitted, then a score 
of 90 is given for “No. of Failures” 
plus a score of 10 for “Degree of 
Failure,” or a total of 100 for test (A) 
out of a possible maximum of 200. If 
two samples fail by both being out of 
tolerance by 11% where 10% is per- 
mitted, then the score for this test would 
be 50 for “No. of Failures” plus 50 for 
“Degree of Failure.” 

In some tests indicated by an asterisk 
in Fig. 2, there is no “Degree of Fail- 
ure”; the test is a “go—no go” proposi- 
tion. Dielectric strength is a good 
example of this. In such cases then a 
score of 200 is assigned on the basis 
of “No. of Failures” only. There are 


“No. of Failures” and “Degree of still other types of tests which do not 
Failure.” If one sample were to fail lend themselves to this proposed method : 
SumMMARY OF Tests. TypE CM35E562K 
Par. No. No. No. No. Failures 
Test of JAN-C-5 Tested Failed Permitted 
As received 
Dielectric, Strength d 48 0 1 
Insulation Resistance ......... e 48 0 0 
Dissipation Factor {(2) 48 0 0 
Temperature Coeff. ........... h 6 0 0 
Capactance h 6 0 0 
i 48 1 0 
After Thermal Cycle & Immer. j 1 
Dielectric Strengiit d 0 
Insulation Resistance ......... e 12 0 
After Vibration & Corrosion k 2 
Dielectric Strength: «06.06.0000. d 12 1 
Insulation Resistance ......... e 11 0 
Life 1 1 
€ 12 0 
Dielect¥ic d 12 1 
Insulation Resistance ......... e 11 0 
561 
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“Visual” is such a test. In these cases 
the “Visual,” “Salt Spray” and similar 
tests be judged by the test engineer as 
presently done, with no attempt being 
made to write these tests into the score 
making up an integrated performance 
factor. 

To best appraise the value of this 
proposed method, let us examine the 
present method along with the proposed 
against typical test results. The follow- 
ing table represents a summary of tests 
of type CM35E562K capacitors, with 
ratings of 5600 mmfd.+ 10%, 500- 
VDCW, + 100 ppm/°C temperature co- 
efficient, + 0.3% capacitance drift. 
Armed Service specification JAN-C-5 
has been selected for purposes of study. 
According to Table IV of JAN-C-5, 
these samples have failed to qualify and 
must be rejected. Details of the samples 
which failed are as follows: 

(a) One of 48 samples failed to be 
within its capacitance tolerance, meas- 
uring 6250 mmfd. (with measurement 
error applied favorably to the measure- 
ment), as against the maximum per- 
missible 6200 mmfd. It failed, therefore, 
by being almost 1% more than the 
allowed + 10% tolerance. 

(b) After the Vibration and Cor- 
rosion test, one of twelve samples broke 


down as twice rated voltage was being 


applied. 

(c) After the life test one sample 
measured 6810 mmfd. whereas it meas- 
ured 6050 mmfd. before the test; it 
changed capacitance 12.5% 


As Received 


After Vibration and Corrosion 
Dielectric Strength 
After Life 
Dielectric Strength 


In summary then, these samples failed 
to meet the requirements of JAN-C-5 
as follows: The failing samples not 
destroyed by the dielectric strength test 
changed their characteristics by either 
a small or large enough amount to fall 
below performance requirements. 

From these comments, let us proceed 
to analyze the data of the above table 
and in accordance with Fig. 3. For 
those tests and measurements where no 
failures occurred, the weight would be: 


Test 
As Received 
Dielectric Strength .......... 200 
Insulation Resistance ........ 200 
Dissipation Factor. 200 
Temperature Coefficient ...... 200 
Capacitance Drilt 200 
After Thermal Cycle and Immersion 
Dielectric Strength 200 
Insulation Resistance ........ 200 
After Vibration and Corrosion 
Insulation Resistance ........ 200 
After Life 
Insulation Resistance ........ 200 
2400 


Note that if all samples pass all tests, 
a maximum weight of 3200 can be 
scored. Now, examining the data for 
samples that failed we have: 


Weight 
No. of Failures Degree of Failure 
80 90 
160 
160 
80 10 
480 100 Total 580 
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En toto then, the weight of tests of 
these samples is 2980 of a possible 
maximum of 3200. We have set an 
arbitrary figure of 2900 as a minimum 
acceptable level, and therefore these 
samples would be accepted. This con- 
clusion would not be the same as that 
reached in applying current JAN-C-5 
requirements, as the basis for rejection 
is obviously not the same. As _ the 


simplest example of the advantages of 
Fig. 3 is the following: 

(a) Under JAN-C-5, if there are no 
failures in Dielectric Strength and one 
failure in Capacitance (of 48 samples 
“As Received’), the submission fails. 

(b) Under Figure 3, with the same 
conditions as (a), the submission need 
not fail pending results of other tests. 


JAN-C-5 
Typed CM20 thru CM40 
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*Not applicable to “Degree of Failure’’. 


¢Samples failing in the course of the life test 


having failed “Dielectric Strength”. 
**Not more than 3 samples shall fail any test. 
ttIf % is more than 25, Weight is 0. 


shall be considered, for analytica! purposes, as 
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LONGITUDINAL STRENGTH OF SHIPS 


A STATISTICAL APPROACH TO THE 
LONGITUDINAL STRENGTH 
DESIGN OF SHIPS 


“A Good Ship ts a Safe Ship” 


NORMAN H. JASPER 


in 1950. 


THE AUTHOR 


The author received his Bachelor’s degree in Mechanical Engineering from the 
College of the City of New York in 1941. He joined the Scientific section of the 
Puget Sound Naval Shipyard in 1941 and worked there until transferred to the 
David Taylor Model Basin in 1946 where he has primarily been concerned with 
applying vibration theory and experimental methods to the study of ship struc- 
tures. He studied, since 1941 at the University of Washington, the George Wash- 
ington University, the Graduate School of the Bureau of Standards and the 
University of Maryland from which he received the Master of Science degree 


It is the purpose of this paper to 
examine our present position with re- 
gard to the problem of the longitudinal 
strength of ships at sea and to propose 
a program for a study of these strength 
requirements. Two basically different 
approaches to the problem are discussed. 
It is suggested that a statistical study 
of sea conditions and of the strength 
requirements of ships at sea be made. 
A brief description of some types of 
instruments that will secure and in some 
cases analyze the required data is given. 
A proposal is made for a design pro- 
cedure which utilizes the method of the 
electrical analogy. 


The strength design of ships which 
has passed through a gradual process of 
evolution is still basically founded on 
empirical rules. The calculation of the 
longitudinal strength of a ship, if it is 
calculated at all, is usually carried out 
by assuming the ship to be poised on 
some “standard” wave. This process is 
fairly satisfactory for comparing various 
ship designs, but cannot be considered 
a realistic representation of actual sea 
conditions. There are numerous cases 
on record where ships have shown evi- 
dence of lack of longitudinal strength. 

Information as to the actual demands 
made upon the hull girder when sub- 
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jected to the action of the sea is rela- 
tively scarce, and such information as 
is available is not sufficient or of a 
form in which it can be used in re- 
evaluating the present method of ship 
design. To date, weaknesses in ship 
strength have too often become ap- 
parent only after failures have occurred. 

The commercial transportation field 
is a competitive one. It is apparent 
that savings in dead-weight tonnage of 
the vessel realized through more equi- 
table distribution of structural material 
in accordance with actual strength re- 
quirements will make for more eco- 
nomical operation of merchant vessels 
by virtue of reduced power require- 
ments, greater mileage travelled in a 
given time as well as through savings 
accrued due to decrease in the time and 
funds required for maintenance and 
shipyard time incurred through struc- 
tural breakdowns. 

Ship design is a highly important 
though complex engineering problem. 
Experimental and analytic approaches to 
design problems are coming into wider 
use than ever heretofore, especially in 
the field of airplane and machine design, 
where dynamic loads, high speeds and 
light weight are of considerable im- 
portance. It is believed that the time is 
at hand where shipbuilders must find a 
more realistic approach to the strength 
design of the hull girder. We must 
learn what demands the sea makes upon 
the ship girder and how these demands 
vary with the service to which the 
vessel is to be put. When such informa- 
tion is available, we must be able to 
apply it to the more equitable design of 
the hull grider. A definite overall pro- 
gram should be arrived at which is 
feasible, economical of time and cost 
and which preferably fits into the exist- 
ing pattern of ship design. 

Historically, perhaps one of the most 
influential analytical approaches to the 
determination of the longitudinal bend- 
ing strength of ships was given by Sir 
E. J. Reed before the Royal Society 
in 1872. In his theory the water is 


supposed to assume its wave form with- 
out alteration of its hydrostatic pres- 
sure; the vessel considered is placed so 
as to be in static equilibrium on the 
crest or the hollow of a wave of length 
equal to that of the ship and the hog 
and sag moments are calculated with 
these assumptions. 

The variation in water pressure in a 
wave due to the orbital motion of the 
wave particles was given by W. E. 
Smith in a paper presented to the Insti- 
tution of Naval Architects in 1883. 

Captain Kriloff of the Russian Navy 
gave several papers on the analytical 
treatment of the stresses experienced by 
a ship in a seaway. His papers are ex- 
cellent treatises but they do presume a 
knowledge of the existing waves and do 
require extensive calculations not suit- 
able for general application. 

In 1905 Professor J. H. Biles re- 
ported on the British full-scale tests 
that had been conducted on H.M.S. 
Wolf to determine the validity of the 
simple beam theory as applied to ships. 
In 1931 Commander C. O. Kell of the 
U. S. Navy conducted static tests, in 
general similar to those made on the 
Wolf, on the destroyers Preston and 
Bruce. Both these tests indicated that 
the simple beam theory can be assumed 
to apply for the case of static loading 
of ships. 

In 1938 Professor G. Schnadel pre- 
sented a paper to the International Con- 
ference of Naval Architects and Marine 
Engineers in which he reported on the 
sea tests of the San Francisco during 
the course of which wave configurations, 
deflections, accelerations and pitching 
angles were measured. These tests are 
particularly significant because the ves- 
sel encountered ‘severe storms. One 
tather steep wave was about 186 meters 
long and 16.5 meters high, illustrating 
the point that a ship must be designed 
to withstand the most severe loading 
which it may encounter although it may 
be advisable to permit the peak stresses 
to exceed the yield point under the most 
severe loading, since such loads may 
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LONGITUDINAL STRENGTH OF SHIPS 


occur but rarely in the life of a vessel. 
The San Francisco test indicated the 
possibility of using the ship itself as a 
measuring apparatus in order to de- 
termine the wave conditions to which it 
is subjected. A later set of sea trials 
during which extensive measurements 
were taken has been discussed by the 
British investigators F. B. Bull and A. 
J. Johnson in a paper given before the 
Institution of Naval Architects, Septem- 
ber 1948, entitled “The Measurement 
and Recordings of the Forces Acting 
On a Ship at Sea.” It will be some 
time before a complete analysis of the 
data obtained by them will be available. 
The full-scale tests discussed are typical 
of a number of similar ones made to 
date. 

In all the tests and investigations 
noted above, the vessel has been as- 
sumed to act as a rigid body, that is 
the vibratory motions of parts of the 
ship relative to each other have been 
neglected. 

In investigations of the longitudinal 
strength of ships it has generally been 
assumed that the ship can be considered 
as a floating beam and deflections and 
stresses have been calculated on the 
basis of simple beam theory. Simple 
beam theory assumes that the beam is 
homogeneous throughout its length, the 
cross section is uniform throughout and 
that the deflections are small. Extensive 
full-scale static tests, such as were made 
on the destroyers Bruce and Preston 
show that the basic beam theory is 
applicable to the ship girder. However, 
it does not necessarily follow that the 
beam theory can also be applied to the 
dynamic behavior of ships, that is, 
under dynamic load application. In order 
to check the applicability of the simple 
beam theory to the analytical treatment 
of dynamic loading, the David Taylor 
Model Basin conducted tests during 
which loads varying sinusoidally with 
time, were applied to a ship by means 
of a “vibration generator.”— 

“The vibration generator is a ma- 
chine which essentially comprises two 


rotors geared together im -such a 
manner that they rotate in opposite 
direction. Each rotor carries un- 
balanced weights. The centrifugal 
forces generated by the unbalanced 
weights are phased so as to produce 
a resultant sinusoidal force. The fre- 
quency of force application may be 
varied by varying the rotor speed and 
the magnitude of the force may be 
changed at any given speed, by chang- 
ing the effective unbalanced mass car- 
ried by each rotor.”— 

The frequency of load application was 
varied from a slow rate to as high as 
1000 load cycles per minute. It was 
found that the hull did respond as 
though it were a beam for frequencies 
of load application up to several hun- 
dred cycles per minute. At the higher 
frequencies the vessel no longer behaved 
as an integral beam, the various com- 
ponents of the hull girder vibrated as 
individual plates, frames, etc. However, 
the frequencies of stress variations 
which are of prime importance in the 
strength of ships at sea are most likely 
those corresponding to the lower modes 
of vibration of the ship and for these 
the tests showed the vessel to behave 
as a beam. 

The problem before us is: to design 
the ship girder so as to withstand the 
most severe loading that it will en- 
counter throughout its intended service 
and to do so in a manner which results 
in an equitable distribution of strength 
throughout the vessel. The design pro- 
cedure should be based on known service 
requirements and should be economical 
in time and cost. 

Previous investigators have provided 
analytical methods for determining the 
strength in a seaway of a rigid hull 
girder which methods require, however, 
a knowledge of the sea conditions. These 
procedures have not come into ‘general 
use due to their relative complexity. 
The method proposed by Sir E. J. Reed 
in 1872 is still in use today although 
somewhat refined. Reed’s method is 
readily applied and does give an index 
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of the relative strength of ships. The 
full-scale static tests of Professor Biles 
and Commander Kell have shown the 
validity of the beam theory for static 
loading, the vibration generator tests 
made by the David Taylor Model Basin 
have shown that this assumption may 
reasonably be extended to the dynamic 
behavior of ships. The wave, strain 
and motion measurements made on the 
high seas have indicated the applicability 
of the simple beam theory and have 
shown the great complexity and vari- 
ability of the waves. The latter tests are 
expensive to conduct and are much too 
few in number to provide any statistical 
basis for ship design in general. 

It is evident, after review of accom- 
plishments to date, that the major need 
today is for sufficient data to provide a 
statistical basis for the prediction of 
strength requirements for the various 
types and sizes of hulls operating in the 
several major bodies of water. It is 
necessary to plan the manner in which 
this type of data is to be applied in 
order to determine the quantities that 
will need to be measured as well as the 
manner in which they are to be related. 

There are two principal methods of 
attacking the problem. The first method 
requires that the external forces acting 
on the vessel be measured and that the 
response of the ship to these forces be 
calculated. In the second method the 
response of the hull girder, that is its 
motions and/or strains, are measured 
and then, if it is desired, the loading 
which caused this response is inferred 
from the response. Let us examine the 
advantages and disadvantages of these 
two approaches. 


A. The Direct Method 


The load is of course the cause of the 
strains and motions of the ship. We 
can calculate the strains and motions if 
a valid theory of behavior under such 
loads is available. In order to compute 
this response it is necessary to know 
the load as a function of space and 
time; that is we must measure the 


pressures at a_ sufficient number of 
points on the ship so as to provide a 
reasonable picture of its distribution at 
any instant. This requires a large num- 
ber of pressure gages with the attendant 
recording equipment, a costly, complex 
installation which is likely to be a 
source of much trouble and is certainly 
not suitable for statistical studies. Analy- 
sis of such data is a tedious job at best. 
Furthermore, for such data to be of 
general use in calculating the behavior 
of ships, it is necessary to relate the 
water pressures to the wave configura- 
tion, and of course a valid theory for 
making the calculations must be availa- 
ble. The calculations themselves might 
be too complex and time-consuming to 
permit their use even if the measure- 
ments and their analyses were practi- 
cable for statistical studies. 

It is believed that this type of ap- 
proach does not lend itself to studies 
which must extend over long periods of 
time. The method is however quite use- 
ful in checking the validity of proposed 
theories of ship behavior. 


B. The Inverse Method of Measuring 
the Ship’s Response to 
the Wave Forces 


The response of the ship girder can 
be defined by its rigid body motion if 
the ship is to be regarded as a rigid 
body. If vibrations of the several parts 
of the ship relative to each other are 
also of significance, we need to know 
the natural modes of vibration of the 
ship, which may be obtained by means 
of a separate vibration generator survey 
in still water, and in addition we must 
know the motion of the hull relative to 
its rigid body position. It is probable 
that in the great majority of cases the 
significant stresses are obtained with 
substantial accuracy by assuming the 
vessel to act as a rigid body. The mag- 
nitudes and distribution of strains in- 
duced in the ship are a direct indication 
of the loading. Measurements of strains 
under actual service loads will indicate 
how well the vessel has been designed 
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to withstand the applied loads and will 
show the points of maximum bending 
moments on the basis of simple beam 
theory. The bending moment diagrams 
can be obtained directly from a knowl- 
edge of the stresses and section moduli. 
It can be shown that a knowledge of the 
linear acceleration of the center of 
gravity of the ship will permit one to 
approximate the wave shape passing the 
vessel. If at the same time the angular 
position of the vessel relative to the 
wave is known, the ship’s position on 
the wave can be approximated and con- 
sequently the resultant stresses can be 
calculated. The number of measure- 
ments required to define the predomi- 
nant motion of the ship are seen to be 
very few, for example, the pitching and 
rolling angles and accelerations as well 
as the vertical acceleration of the center 
of gravity together with the ship’s 
heading relative to the waves. It is 
possible to construct apparatus which 
will obtain these data automatically over 
extended periods of time at relatively 
low cost. The type and number of 
measurements are such as to lend them- 
selves to economical simple installations 
on many ships. The data have im- 
mediate significance in terms of load, 
stress or seaworthiness, and lend them- 
selves to statistical analysis. 

In addition to strain and acceleration 
measurements on ships, we may profita- 
bly measure directly the wave configura- 
tion occurring in various bodies of 
water. The measurement should be car- 
ried out over long periods of time in 
order to determine the possibility and 
probability of occurrence of given 
waves. 

We will, in the remainder of this 
paper, deal with the second (inverse) 
approach which requires the measure- 
ment and analysis of ship response to 
unknown forces paralleled by collection 
of statistical wave data. 

It was mentioned earlier that the 
complexity of dynamic ship calculations 
has retarded their use. This disadvan- 
tage has just lately been overcome by 
means of an electrical analogy to the 
structural problem. In this analogy the 


ship is divided into a number of sta- 
tions. The mechanical properties of the 
vessel are calculated for each station 
and converted into corresponding elec- 
trical quantities. The force acting at 
each station on the ship as a function 
of time is applied at each station in 
terms of a corresponding voltage. The 
resulting shear and bending moment 
at any station can be measured directly 
as a function of time. The process is 
automatic and can be repeated rapidly 
for various applied forces (waves) or 
for different structural designs. The 
analogy includes the effect of vibratory 
response of the ship to the applied 
forces. It is believed possible also to 
determine by an inverse procedure the 
forcing functions (wave forces) which 
induce the measured bending moments. 

We now come to the instrumentation 
required to obtain the necessary data. 
It will be advantageous to classify this 
instrumentation into two categories, 
namely : 

(a) Instrumentation that provides 
data on a time basis, such as accelera- 
tion-time data. 

(b) Instruments that provide a sta- 
tistical analysis of the measured quan- 
tity. This analysis may be a very simple 
one, such as the total number of times 
that a given stress has been exceeded, 
or a more complex one, such as the 
total number of times that given varia- 
tions of strain occurred, together with 
the average stress about which the 
variation occurred. 

It should be our purpose to develop 
these instruments in such a manner 
that they will be as nearly automatic 
as possible and yet remain simple in 
construction and operation. -It should 
be possible to install a set of instru- 
ments on a ship and then remove the 
data after an interval of say two months 
without furnishing operators or special 
care during the interval. The data 
should be in a form which requires a 
minimum of analysis for a usable evalu- 
ation. A brief description of a number 
of such instruments is given in the 
appendix. 
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RECOMMENDED PROGRAM OF INVESTIGATION 


Let us now proceed to integrate the 
necessary measurements into a simple 
unified program for the collection and 
analysis of data. This program is to 
consist of four parts; namely, (1) pre- 
liminary sea trials, (2) statistical sur- 
veys, (3) systematic study of sea 
conditions; (4) statistical analysis of 
data. First there will be selected a very 
limited number of ship types for pre- 
liminary tests. Each one of these ships 
is to be instrumented to a greater ex- 
tent than will be required for the sub- 
sequent mass surveys that are to follow. 
The main questions to be looked into 
during the preliminary tests are: 

(a) At which longitudinal position on 
the hull do the maximum bending 
stresses occur? 

(b) Is it necessary to investigate 
flexure of the hull in a horizontal plane 
as well as flexure in the vertical plane? 

(c) Are fatigue stresses a major con- 
sideration ? 

(d) What is the probability of sus- 
taining high impact loads on the bow? 

(e) Does the vibratory response of 
a ship play an important role in the 
strength of the- hall girder? 

In addition to these special questions, 
we will require the following informa- 
tion which will be desired also for the 
subsequent statistical surveys: 

(i) The rigid body motion of the 
ship which will permit an approximation 
of the wave profile passing the ship, the 
wave velocity and the position of the 
ship relative to the wave. 

(ii) The history of the longitudinal 
bending stress at the midship section; 
the strain measurements are to be taken 
on the keel. 

The third series of tests will consist 
of an extension of a systematic study 
of sea conditions based on data col- 
lected from instruments such as the 
DVL type instrument previously dis- 
cussed, as well as from the data ob- 
tained from the ship studies. 


When sufficient data have been ob- 
tained to permit definite conclusions as 
to the wave configurations and wave 
velocities to be expected in the various 
oceans, as well as to the questions stated 
above, we will be in a position to pre- 
dict the strength of any normal ship 
girder subjected to these conditions 
either by using the method of the elec- 
trical analogy* which has been outlined 
earlier in this paper, or by comparison 
with the statistical criteria which will 
have been established for the particular 
type of ship and service under con- 
sideration. It is quite probable that the 
electrical analogy will be the quickest 
and most economical method of solution. 
As soon as the physical constants of the 
ship are available, solutions of the re- 
sponse to selected wave conditions 
should be obtainable in a few hours. 

The instrumentation? to be installed 
for the preliminary sea trials would be 
as follows: 

(a) Motion recorder. 

(b) Strain cycle counters (four re- 
quired) amidships to determine the 
bending stresses in the vertical and 
horizontal planes. 

(c) Strain cycle counters (four re- 
quired) to measure bending strains in 
the keel located at the forward %, 4 
and 4 points and at the after % point. 

(d) Automatic strain analyzers (two 
required) one each to analyze the bend- 
ing strains in the keel amidships and at 
the forward quarter point. 

(e) A few pressure gages located at 
the ship bow and about three strain 
gages at selected locations. The output 
of these gages is to be recorded as a 
function of time. This particular ap- 
paratus is to respond to frequencies up 
to about 15 CPS. The purpose of these 
gages is to furnish information as to 


*Beam_ Vibration Aggie Wi With the Electric 

Analog Computer, by G McCann, and R. H. 

ans of Applied Mechanics, paper 


t See Appendix. 
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the severity of impact forces acting on 
the bow, as well as to indicate the 
relative importance of vibratory stresses 
associated with hull vibration. The in- 
strumentation to be installed for the 
collection of data on the statistical sur- 
veys* is as follows: 

(a) One motion recorder. 

(b) One strain cycle counter or one 
automatic strain analyzer; the choice 
will depend on the result of the pre- 
liminary trials. 

It would not be too far-fetched to 
hope that this latter compact instrument 
installation can be accomplished on al- 
most every major vessel afloat. The 
cost would be very small. The very fact 
that the shipowners are keeping them- 
selves continually informed on _ the 
strains and seaworthiness of their ships, 
should add to their prestige. It is esti- 
mated that if the instruments here dis- 
cussed were manufactured in quantity 
they would cost about $4000 for the 
motion recorder, $1300 for the strain 
cycle counter and $800 for the strain 
analyzer. It should be remembered that 
these figures are estimates and are given 
here for the purpose of providing a 
rough idea of the costs involved. 

The data obtained from the motion 
recorder could be presented statistically 
by 

(a) Relating wave periods to wave 
heights. 

(b) Plotting the incidence of various 
wave heights as a function of the season 
and of the geographic location. 

(c) Plotting maximum pitching ac- 
celeration and pitching angle as a func- 


tion of wave length/height ratio and— 


relative wave velocity. Many similar 
criteria can be investigated. 

The data obtained from the strain 
cycle counter can be related to specific 
sea conditions or it may be more simply 
plotted as strain amplitude against fre- 
quency of occurrence for several mean 


*This instrumentation alone would provide 
valuable data if it were felt necessary to reduce 
the scope of the studies. 


strain levels. It is suspected that the 
mean strain level will be the still water 
strain. 

The data obtained from the strain 
analyzer can be very simply presented 
as a graph of strain against the percent 
of the total operating time that the 
strain has occurred, or if preferred 
strain may also be plotted as the per- 
cent of the total operating time that a 
given strain has been exceeded. 

Equipment for the study of wave con- 
ditions should be vigorously developed 
to the end that data may be obtained 
over long periods of time, say several 
months without requiring servicing of 
the buoys. Perhaps the most promising 
approach would be the transmittal of 
information from the buoy in the form 
of radio signals. These buoys could be 
built in conjunction with automatic 
weather stations distributed over the 
various oceans which would send out 
their reports automatically as radio 
signals. 

It has been the intention in this 
paper to take stock of our present po- 
sition with regard to the problem of the 
longitudinal strength of ships at sea, to 
examine existing material as to its use- 
fulness for our purpose and then to 
arrive at a program for the study of the 
strength requirements of ships at sea, 
so as to permit them to withstand the 
forces acting on them under the service 
conditions that obtain. A definite pro- 
gram for the collection of test data has 
been presented which is believed to be 
economical of time and cost and which 
lends itself to the statistical study of 
waves and of the strength of ships at 
sea, with a minimum requirement of 
technical help. Existing instruments 
have been examined and where neces- 
sary—new instruments are now being 
developed in order to provide the more 
salient data, always remembering the 
objective of producing a simple reliable 
automatic instrument which will be easy 
to install, which does not require per- 
sonnel for its operation, which does need 
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but a minimun, of technical help for 
data analysis and which is low in cost. 
This ideal instrument may not always 
be possible to develop, but it can be 
approached if these requirements are 
continually kept in mind. The cost of 
such a program should be borne, it is 
believed, jointly by the classification 
societies, the shipowners, the U. S. Navy 


and the several governments interested 
in the progress of commercial and naval 
shipping. 


If I have been able to impress on the 
reader the desirability of the statistical 
study of sea conditions and of the 
strength requirements of ships at sea, 
I shall feel rewarded for having at- 
tempted this presentation. 


x 


I. INSTRUMENTATION THAT PROVIDES DATA ON A TIME BASIS 


Motion Recorder: This instrument is to record, on a single chart, the output of 
two accelerometers and two position indicators. The quantities to be recorded are: 
angular pitching acceleration, linear vertical acceleration at the ship’s center of 
gravity, and the rolling and pitching angles. The equipment will operate auto- 
matically and the installation itself will be a simple one. The recorded data may be 
removed at desired intervals for analysis. On the basis of these data, it will be 
possible to plot the approximate wave shape and to fix the pitching position of 
the ship relative to the wave at any instant; the dynamic forces due to pitching 
are also readily computed. 


Strain Gage: A strain gage now in the development stage incorporates the 
principle of a differential transformer. This gage is relatively insentitive to change 
in humidity and temperature and can be immersed in water or oil. The output of 
the gage will be sufficient to operate sensitive galvanometers directly without 
amplification, or it can be used in conjunction with a recorder of the type described 
under the heading of ‘Motion Recorder.” 


Pressure Gage*: This gage is to incorporate the same features as the strain gage 
preceding. It should be designed so that it can be installed in the skin of the ship 
so as to measure the water pressures acting at various points on the hull without 
requiring difficult installation procedures. 


Wave Measuring Apparatus}: It will be advantageous for the statistical study 
of waves to have an apparatus that records wave periods together with the corre- 
sponding wave heights over extended periods of time. The DVL Wave Measuring 
apparatus is one of several suitable developments in this direction. It has been 
adequately described by Pabst in DVL report No. 360. This instrument takes 
advantage of the fact that the pressure variations due to surface waves are rapidly 
attenuated with increasing depth. Essentially the apparatus consists of a suitably 
restrained buoy which moves up and down with the waves. A pressure sensitive 


*This gage is to be used for special studies of bow forces. 


+ This apparatus, although not measuring the response of a ship, is suggested here for special 
studies such as are conducted by the Scripps Institute of Oceanography. 
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device and a recorder are attached to the buoy by means of a long cable. The wave 
raises and lowers the buoy which in turn raises and lowers the pressure sensitive 
capsule causing variations of pressures proportional to the wave heights to be 
impressed upon this capsule. The pressure variations are recorded as a function 
of time on a glass cylinder. The present device provides continuous recording for 
eight days. It should be practicable to provide for longer recording time or to 
convert the pressure variation into a radio signal which may be received at some 
shore station. It is also possible to provide automatic analysis of these data in a 
manner similar to that which will be discussed under “Statistical Instruments.” 
The Scripps Institute of Oceanography has developed several types of Wave 
Recorders. 


II. STATISTICAL INSTRUMENTS 


Strain Cycle Counter: This instrument consists of a strain gage and a counter. 
The counter tabulates the number of cyclic variations of strain together with the 
mean strain about which these cyclic variations occur. In addition the gage also 
gives the total number of cyclic variations independent of the mean strain level. 
A ten-inch strain gage is used in the present model. This type of gage will be 
useful in determining the strain history from the standpoint of fatigue loading. 
The readings of the counters could be photographed automatically at desired time 
intervals in order to correlate the strain variations with sea conditions and loading. 
The principles of this strain gage can be applied to the statistical analysis of other 
types of data. The gage is self-contained, easily installed and fully automatic in 
operation. It could easily be installed on a large number of ships to give a direct 
criteria of their loading. If the position of the neutral axis is known, a stress can 
be immediately converted to a bending moment. 


Automatic Analyser of Strains, Pressures, Accelerations, etc.: This apparatus 
is to determine (a) the total time that a quantity such as a predetermined strain 
has been exceeded and (b) the number of times that this strain has been greater 
than “A” and less than “A,” for a continuous duration of time greater than “T” 
and less than “T,”. In other words, the instrument would give the total percentage 
of the time that given stresses have occurred as well as the percentage of time 
that a given stress has been exceeded. For example, it will probably be the general 
case in ships that a very large stress will occur only rarely and that low stresses 
will occur quite frequently. This analysis, if taken over a sufficiently long period 
of time, will show the probability of exceeding a given stress. This type of data 
could be obtained on different types of ships and over various sea routes at very 
low cost. The apparatus would consist principally of a number of time delay devices 
and a strain gage. The installation would be of the same type as that of the strain 
cycle counter. 
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Official Department of Defense Photo 
A new installation known as the Ordnance Environmental Laboratory has been dedicated 
at the White Oak, Maryland, Naval Ordnance Laboratory. Depicted here is a deep sea 
pressure vessel which simulates one-half mile depth at sea. 15,000 gallons of water are 


pumped in the vessel during testing of under-water ordnance. A torpedo with cutaway 
side is shown prior to a test run. 
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PREVENTIVE MAINTENANCE 
THROUGH LUBRICATION CONTROL 
ON DIESEL ENGINES 


LT. COMDR. M. B. FLINT, U. S. COAST GUARD (RET. ) 


THE AUTHOR 


Prior to and after his: retirement from the U. S. Coast Guard, had a vital 
interest in used or operating oil and its relation to maintenance. His first contact 
with diesel propulsion came about through an assignment to the Winton Engine 
Company (now General Motors, Cleveland Diesel Division) in 1926. From that 
date all of his active duty assignment had to do with diesel maintenance and 
operation. Since retirement he has continued research work in the same field. 


The Gerin Oil Inspection Kit, complete 
with tray containing all the necessary 
equipment and chemicals for testing 
lubricating oil contaminations. 
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The Oil Inspection Kit with tray removed and exposing the eight-place centrifuge head 
and 50 ml centrifuge tubes. Four each, Precipitation and Water and Sediment tests 


may be made at one time. 


Confronted with the task of selecting 
suitable lubricants, frequently those in 
charge are in considerable doubt con- 
cerning the factors which need to be 
considered. In this application the diesel 
engine presents more varied lubrica- 
tion requirements than any other class 
engine. The various problems have, 
however, been attacked by engineers 
and scientists over a period of years 
with the result that greatly improved 
products are now available and many 
of the most troublesome difficulties con- 
fronting the diesel operator have been 
solved through new oil specifications 
and characteristics. 


All engineers are familiar with the 
tests developed for measuring the quality 
of lubricating oil which give some indi- 
cation as to how the oil will perform 
in practice. Several of these tests are 


primarily for identification, i.e., appear- 
ance, odor, saponification, and ash. Vis- 
cosity, viscosity index and pour point 
tests determine the fluidity of the oil. 
The volatility is indicated by flash, fire, 
and carbon residue tests. Performance 
tests may be obtained which measure 
oxidation and corrosion-resistance, de- 
tergency and dispersion. Other tests 
include foam-stability, extreme pressure, 
reaction with water, homogeneity, and 
compatability. The above tests along 
with engine performance tests, and 
many others are used for predicting 
the performance of new oil. 


In addition, operating engineers are 
provided with recommendations by en- 
gine builders, equipment manufacturers, 
ahd various governmental departments 
(e.g., Bureau of Ships Manual) con- 
cerning the specifications and charac- 
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of 


teristics new oil for use in their 
equipment. The oil supplier is con- 
tinually working upon his product to 
supply the proper lubricant for any 
engineering problem. 

However, regardless of how  satis- 
factorily an oil performs in engine tests 
which closely simulate actual field oper- 
ating conditions, the true test of a 
lubricant is its actual performance in 
every-day service. A test in one par- 
ticular engine does not necessarily in- 
sure its satisfactory performance in all 
makes of engines. Before an oil can be 
definitely classified a suitable product, 
it should be subjected to extensive field 
tests in a wide variety of engines oper- 
ating in those types of service for which 
the oil is intended. 

From the first day in service every 
engine begins to develop its own lubri- 
cant diet. Frequently it is a matter of 
attention and care given by the operator. 
Often it is caused by geographic or cli- 
matic conditions. Certainly no two en- 
gines ever built have performed identi- 
cally, worn out simultaneously, or 
required the same amount and kind of 
lubricant for the best performance. 

The foregoing is given only to empha- 
size the fact that all fuel and lubrication 
engineers and oil technologists are con- 
tinuously working on the problem of 
furnishing the proper lubricant for the 
particular installation and its application. 

In discussing the conditions that. are 
met by the lubricating oil in the cylin- 
ders, bearings, and the crankcase, the 
engine operator may be justifiably left 
with the thought that the lubrication 
situation is a very complex one and that 
deterioration of his engine, due to action 
and reaction in the lubricating system, 
may be occurring without his knowledge. 

One interested in lubrication or effi- 
cient engine operation should devote a 
great deal of attention not only to the 
properties and characteristics of the oil 
recommended for his engine and sup- 


plied by the vender but alsé to what, g 


happens after a few minutes or hours; 
of actual service. 


Engineers and maintenance person- 
nel are interested in two things with 
respect to the operating oil being used 
in their equipment: (1) Should the oil 
be continued in service operation and 
(2) What can the condition of the oil 
tell him about the functioning of his 
engine. 

Establishing the frequency of oil 
change has always been difficult and 
each case should be considered indi- 
vidually. The rate at which the engine 
oil accumulates contamination from the 
atmosphere, operational conditions, or 
due to engine malfunctioning can be the 
principal criterion for the frequency of 
these oil changes. Various directives rec- 
ommend limits for governing oil drain 
periods and such condemning limits are 
determined by frequent oil analyses and 
inspection of engine conditions. Where 
no analytical data is available, the drain 
periods are governed by operational 
hours. 

Every experienced engineer is familiar 
with the engine indicator which meas- 
ures pressures within the combustion 
chamber. From the cards taken or the 
pressures registered by these instru- 
ments a rather complete knowledge of 
what is happening inside the engine is 
obtained. Pyrometers reading exhaust 
temperatures provide a quick way to 
check the general condition of the en- 
gine. So long as the exhaust tempera- 
tures stay normal, it may be assumed 
that the engine is operating normally. 
Few are aware of another indicator 
from which conditions inside the engine 
may be determined—the analysis of the 
oil from the crankcase or: circulating 
system. One of the chief values of this 
analysis is the measurement of contami- 
nants, including foreign minerals, oxi- 
dation products, carbonaceous materials, 
dilution by fuel, and water. 

It has been accepted that oil does not 
wear out but merely becomes contami- 
nated which renders it unfit for further 
use. The damage caused by these con- 

aminants is obvious, as they are all 
abrasive, with the exception of water. 
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The damage resulting from water is less 
obvious, but just as real. It is well 
known that water will rust iron and 
steel very rapidly but few people realize 
that this rusting can take place in the 
presence of oil. Oil containing a small 
percentage of water will not protect 
these metal surfaces when the oil is 
agitated. Further, the products of com- 
bustion, seeping past the rings, dissolve 
in any water present to form corrosive 
solutions. If other forementioned im- 
purities are present, the water may com- 
bine with them and form sludge which 
may become so thick as to interfere with 
proper lubrication. Therefore, it can be 
readily seen that water can cause dam- 
age as serious as that resulting from 
other visible impurities. 

Other impurities which are invisible 
in the oil are even more dangerous, as 
they complete their sabotage before they 
are suspected. These are the dissolved 
impurities. Just as it is impossible to 
distinguish between salt and fresh water 
merely by looking at them, it is likewise 
impossible to detect dissolved impurities 
by visual inspection. These impurities 
are acids, resins, or gums, and asphalt- 
enes which are soluble to a certain ex- 
tent. They will not remain dissolved for 
as they come in contact with the hot 
walls of the cylinders, further oxidation 
takes place causing them to become 
insoluble in the oil. 

When this happens, there occurs a 
phenomenon known as lacquering, i.e., 
the gums and resins are deposited on 
the metal parts in the form of brown 
or black film which builds up, more or 
less rapidly, depending upon the amount 
of resin present in the oil. When this 
lacquer is first deposited, it is sticky 
and can be redissolved with fresh, 
highly solvent oil; thus, it can be tempo- 
rarily removed by changing the oil, but 
the life of the new oil will be shortened. 
Unless the oil is changed soon after 
depositing, the resin changes from its 
sticky state into a hard insoluble glaze. 

In its sticky state, the resin retards 
the action of the rings resulting in more 


blow-by and increased piston tempera- 
tures which aggravate the condition. 
When the resin sets to its insoluble 
form, the rings become stuck in their 
grooves and oil consumption, blow-by 
and wear increase rapidly. 

Acidity is essentially free in practi- 
cally all new oils. However, during use, 
acidity may develop as the result of 
high sulphur content in the fuel or 
oxidation of the oil. When a fuel con- 
taining sulphur is burned in the engine, 
a small percentage of the oxides of 
sulphur formed in the combustion cham- 
ber seep past the rings into the system 
of lubrication. If water is present in 
the oil, the oxides of sulphur combine 
with the water and form corrosive acids. 
This particular problem with today’s 
fuel and maintenance ordinarily gives 
no trouble and very little increase in 
acidity due to sulphurous or sulphuric 
acid is manifested. 


On the other hand, the acidity of all 
oils increase during service as a result 
of oxidation of the oil. The acids, being 
soluble in the oil, are insidious in their 
attack, since the only way to tell they 
are present in dangerous amounts is by 
a chemical test, or by serious corrosion 
that takes place in the engine. This has 
caused most operating engineers to take 
a passive attitude on the subject and 
usually acidity has received attention 
only through laboratory reports and 
conditions of relatively severe corrosion. 
The tendency to oxidation is normal 
when oil is in contact with air, a tend- 
ency which is greatly accelerated in the 
diesel engine because of large amounts 
of oxygen and heat. This causes de- 
posits that will vary widely with differ- 
ent oils and temperatures, some appear- 
ing as hard carbons, some as _ soft, 
flaky carbon and others as_ sticky 
varnish. 

When these decomposition products 
of the oil (resins, gums, acids, etc.) 
combine with contaminants (dirt, car- 
bon, etc.) they form what is commonly 
known as sludge. 
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This gives a brief picture of con- 
taminants that may be found in operat- 
ing or used oil. 

Oil venders and engine builders real- 
ize the need of used oil analysis by 
which physical, chemical, and mechani- 
cal tests indicate and measure the 
changes that have taken place in their 
particular product due to operating 
conditions. From these tests their engi- 
neers can, by study of these changes, 
estimate what the conditions are inside 
the engine. 

Analytical data and its compilation 
concerning the condition of operating 
oil is generally accomplished by sending 
samples of the oil to an outside labora- 
tory or yard and the result: from the 
analysis, in the form of a report is re- 
turned to the user. These reports do 
not tie in directly with preventive 
maintenance through lubrication control 
for such outside analyses are usually 
too infrequent; the answers too slow in 
coming; and the significance of isolated 
analyses are partly or completely ob- 
scured by time lag. 

Many papers have been presented by 
lubrication engineers on the significance 
of used oil analysis. Comments on such 
papers have invariably asked what the 
indications were in a used oil analysis 
that would show the operator what 
might be going wrong in. the engine 
itself which requires correction in order 
to insure that the quality of lubricat- 
ing oil is being maintained at a desira- 
ble level. Further comments have been 
noted regarding the tendency of engi- 
neers to search for a different grade of 
lubricant and a means of correcting a 
difficulty that frequently develops to be 
a mechanical discrepancy; which dis- 
crepancy had to be first corrected before 
any grade of lubricant could have 
functioned. 

Diesel engines have two distinct lubri- 
cation requirements—the bearings and 
the cylinders, and each lubrication re- 
quirement demands specific qualities in 
the oil used. In addition, the lubricating 
oil. must serve to carry away part of 


the heat developed in the engine, par- 
ticularly if it is used for piston cooling. 

There is no particular problem in the 
lubrication of the crankshaft and rod 
bearings in a diesel engine. Although 
large piston thrusts are transmitted by 
the piston rods and connecting rods, the , 
bearing areas are sufficiently ample sso + 
that unit pressures are not excessive. 
The oil, being pressure fed to the bear- 
ings in large volumes, builds up~a full 
lubricating film in the bearing clearances 
through rotation of the crankshaft. Un- 
less mechanical faults igsthe bearing 
disrupt this film, lubrication is con- 
tinuous and the film of oil separates the 
mating bearing surfaces to prevent 
wear. 

Somewhat different conditions pre- 
vail at top end of the connecting rod 
where it is attached to the wrist or 
piston pin. As the connecting rod oscil- 
lates through only a small are on the 
circumference of the piston pin, full 
rotation is impossible, and absence of 
the oil pumping action that accompanies 
a steady rotation makes the buildup of 
an oil film more difficult at this point. 
A full supply of oil under adequate 
pressure is therefore necessary if wear 
on the piston pins and bushings is to be 
avoided. This problem of effective lubri- 
cation is further aggravated by poorly 
maintained mechanical conditions, ex- 
cessive temperatures, or contaminations. 

Since the life and performance of 
crankcase oil is limited by oxidation and 
contamination, the simple problem of 
lubricating the bearings becomes more 
complex when the same oil is used to 
lubricate the cylinder walls. There is 
always a tendency toward a_ small 
amount of oxidation in the crankcase 
as the oil contacts warm air, or localized 
hot spots but this oxidation and heat 
destruction is much more rapid when 
the oil is subjected to the severe con- 
ditions on the cylinder walls. There is 
also an increased amount of contamina- 
tion from the blow-by of combustion 
products. 

The oil used in cylinders must serve 
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the purpose of lubricating the walls to 
prevent excessive wear and contribute 
toward sealing the piston against gas 
pressure loss. With each power stroke 
some of the oil on the cylinder wall is 
subjected to the extremely high tem- 
perature of the combustion in the cylin- 
der. A proper oil for such duty should 
be one that will burn away the least 
during its brief exposure and, in so 
burning, form the smallest amount of 
carbon. The unburned portion must 
maintain sufficient body to provide lubri- 
cation until the supply is replenished. 

When the injection timing is incor- 
rect in some engines, all the fuel may 
not be burned, and it may find its way 
past the rings into the crankcase. A 
similar effect is achieved when faulty 
injectors permit dribbling of the fuel 
into the cylinder. On starting, this un- 
burned fuel, in liquid or vapor state, 
may wash part of the lubricating oil 
from the cylinder walls. 

Compression rings stick due to forma- 
tion of carbon deposits in the ring 
grooves and corresponding ring sur- 
faces. Some of these deposits may come 
from oxidation of the oil and others 
from the carbon and resinous products 
due from incomplete combustion. An 
accumulation of deposits in the ring 
grooves causes sluggish operation and 
eventual sticking of rings. When this 
happens the rings no longer make the 
proper seal with the cylinder wall and 
the combustion gases blow by. Piston 
rings sometimes break when the de- 
posits are heavy or so uneven that the 
rings do not seat uniformly in the 
grooves. 

On the compression stroke of a diesel 
engine a limited amount of air is forced 
past the top compression rings and con- 
tacts the oil on the cylinder walls and 
pistons. Since this air is at ‘high 
pressure and temperature, it promotes 
some oxidation. As there is not suffi- 
cient air available to support complete 
oxidation, it is agreed that only a cer- 
tain amount of high temperature oil 
breakdown occurs. However, as a result 


of this effect a thickening in the oil 
occurs and complex organic products 
are developed which form a resinous or 
carbonaceous film on the piston skirt 
known as varnish. 

All diesel engine pistons will gradu- 
ally accumulate some skirt varnish 
which is not particularly harmful unless 
it becomes too thick. When too thick 
it is scraped off by action of the piston 
and has a tendency to stick the oil 
rings and plug the oil control holes in 
the rings. This is followed by increased 
oil consumption because the oil wiping 
ring action fails and too much oil is 
left on the cylinder walls where it is 
carbonized. 

There is no question but what the 
condition of the oil and its contents 
are indicative of many troubles and by 
testing samples removed from the sys- 
tem, remedial measures may be taken 
when the results of the tests are re- 
vealed. When all the items are fully 
correlated the results of periodic tests 
is an excellent basis for preventive 
maintenance, achieved at a minimum 
expense. When an oil is changed with- 
out first remedying the fault of con- 
tamination that is responsible for the 
poor condition of the oil, the same re- 
sults can be expected to recur im- 
mediately after the change. 

A recent paper on diesel maintenance 
notes in part that suitable analysis of 
lubricating oil can indicate to a re- 
markable extent what the general con- 
dition of the engine may be, thus 
enabling the operator to extend the 
period between progressive maintenance 
and overhauls. From the time an engine 
is placed in operation a suitable record 
should be kept to detect any abnormal 
changes in the characteristics of the 
engine, particularly in the lubricating 
oil. Such records are generally more 
reliable and useful than information now 
being recorded such as fuel consump- 
tion and exhaust temperatures since 
these latter characteristics are usually 
more difficult to interpret and samples 
are not available for rechecking. The 
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author of this particular paper further 
states that during analyses of lubricat- 
ing oil by laboratories conventional 
checks such as impurities present, vis- 
cosity, flash point, etc., are not sufficient 
to correctly diagnose the condition of the 
engine. To obtain a reliable diagnosis 
certain conditions should be adhered to 
which might include the following: 

1. Records must be systematic with 
periodic tests made at uniform inter- 
vals. 

2. The oil specimen should be re- 
moved from the same point in the 
system and in each case under nearly 
identical conditions of operation. This 
insures the sample will contain suffi- 
cient amounts of such foreign matter 
as may be present in the engine. The 
important indication here is any sud- 
den or progressive INCREASE in pro- 
portion of such matter, even though 
the actual percentage may be small. 

3..The form for reporting the re- 
sults of the analysis should show only 
the essentials and give recommenda- 
tions on such items as frequency of 
oil and filter changes, and note such 
mechanical attention required and the 
action taken. Evidence of bearing 
metals and other impurities with all 
possible sources should also be given. 
A careful analysis of the lubricating 

oil, properly interpreted and made at 
frequent intervals would show the ex- 
tent of the following conditions: 

(a) Fuel dilution, caused by leaky 
injection pumps, or improper function 
of injector nozzle. 

(b) Soot from smoke, due to over- 
load, improper fuel injection, or 
clogged filters. 

(c) Water from leaks or conden- 
sation (low temperature of cooling 
water or wall temperatures ). 

(d) Wear of cylinder sleeves, pis- 
ton, and rings because of sticking or 
improper lubrication. 

(e) Bearing wear or overheating 
because of improper installation, lubri- 
cation, faulty material, or engine 
operation. 


(f) Oil filters having clogged ele- 
ments or improper type. 

(g) Oxidation because of excessive 
temperatures, clogged coolers, or in- 
sufficient flow. 

There are three broad purposes to be 
served by routine measurements of the 
contaminations in lubricating oil. They 
establish a periodic week to week, or 
month to month record as regards con- 
taminants which may be suspected of 
contributing to operating troubles, wear, 
etc. They are a necessary guide to 
purification practices needed to main- 
tain an acceptable level of cleanliness of 
lubricating oil. Finally and perhaps of 
greatest interest, a change or increase 
in contaminants gives advance informa- 
tion that conditions requiring mechani- 
cal or operating attention are setting in. 

The four tests which may be con- 
sidered of great importance to the effi- 
cient operation of the engine and their 
maintenance in the eyes of operating 
engineers are: Precipitation; Water and 
Sediment: Neutralization (acid) Num- 
ber, and Viscosity Comparison. Any 
increase in these contaminants indicate 
changes are taking place inside the 
engine and the operator is thus informed 
that the engine is in need of attention. 

A practical oil testing kit has re- 
cently been developed and marketed 
whereby on-the-spot analysis, within the 
skill of the operating personnel, may be 
made in the engineroom, always under 
the user’s control, as it should be.* 
This equipment weighing approximately 
thirty-two pounds is self-contained and 
provides positive measurements of the 
four dangerous contaminants. Four 
samples of oil can be tested in 25 minutes 
or eight samples in 40 minutes and 
although no technical skill is required, 
results are in agreement with laboratory 
analyses for the principles employed are 
conventional in this practical test. 


1Reprint of an article from ‘Motorship” by 
F. L. Gerin, Gerin Corporation; JourNnaL oF 
American Society oF NavaLt EnGIneers, INnc.: 
November 1948 issue, page 691. 
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Precipitation Number 


This test (Fig. 1) indicates the 
amount of asphalt, resins, and gums 
which result from the inevitable chemi- 
cal changes in the oil itself and from 
fuel blow-by. They have no lubricating 
values of their own, and they interfere 
with lubrication by being attracted to 
the metal surfaces in preference to the 
oil. The quantity is of prime importance 
since they are the chief factor in the 
formation of engine deposits and the 
binder material for particles of dirt, 
free carbon and metal. 
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Fic. 1.—Test for Asphalt and Gummy 
Materials : 
Put oil in glass tube to mark 5, naphtha 
to mark 50. Centrifuge ten minutes. 
Read amount of deposit from graduations 
on tube. 


The entire group of deposit forming 
substances is insoluble when the oil is | 


mixed with special naphtha, or solvent. 


To make the separation the diluted 3 


sample is centrifuged for ten minutes. 
The centrifuge tube is graduated and 
the amount of insolubles contained in 
10 ml of oil is called the Precipitation 
Number. 


Water and Sediment Test 

In this test (Fig. 2), the oil sample 
is mixed with a solvent which holds the 
gummy, asphaltic materials in solution 
but throws out the solids and water. 


— = 50 
25 


Fic. 2.—Test for Dirt, Sediment and 
Water : 
Put oil in to mark 25, benzene to mark 50. 
Centrifuge 10 minutes. Read amounts of 
water and solids from graduations on 
— Note kind of solids and metal par- 
ticles. 
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Whereas the precipitation or asphalt 
test measures self-made contaminants, 
this test measures dirt, soot from fuel, 
and water which might find their way 
through operation into the oil. Black 
sediment is assumed to be fuel soot or 
carbon. Metal particles, when present, 
can be seen at the very tip. Water, 
when present, causes a sharp sudden 
rise in deposits and a muddy color, or 
it may appear as a clear layer above the 
sediment. The water and sediment test 
is expressed in percent of oil. 


Neutralization Number 


It is unfortunate that acids are in- 
visible in oil and their chemistry is 
somewhat complex. The Neutralization 
Number of an oil, an indication of its 
acidity, is the weight in milligrams of 
alkali—potassium hydroxide (KOH )— 
needed to neutralize the acid content of 
one gram of the oil. The general pro- 
cedure for this test is to mix a 10 gram 
sample of oil with an alcohol solution— 
ethanol, to which 10 percent by volume 
of methanol has been added—and dis- 
tilled water equal in volume to the 
alcohol solution. To this mixture one 
milligram of phenolphthalein, a color in- 
dicator, is added. Small amounts of 
potassium hydroxide are then added 
under specified conditions until the pink 
color, resulting from this addition, per- 
sists. This indicates that the acid con- 
tent of the oil has been completely 
neutralized. 

It is obvious that this method is 
not practical for engineroom use and 
the practical kit contains ampules in 
strengths of equivalent neutralization 
numbers of .3, .6, and 1.5 (mg of KOH 
per gram of oil), and a prepared acidity 
solution. An oil sample is placed in a 
glass cylinder (Fig. 3), to desired mark 
and the prepared acidity solution to 50 
ml mark. An ampule of desired strength 
KOH is then broken and poured into 
the mixture. After shaking the mixture, 
if the solution remains pink the sample 
passes. If white or yellowish the sample 
fails. If one had the occasion to measure 


yl 
a 
10 No6S 
KOH 


Fic. 3.—Acidity Test: 

Put oil in to mark 10, test solution to 
mark 50, and one ampule of alkali. After 
shaking, if solution shows pink, oil 
sample passes. If not pink, sample fails. 
Ampules_ equivalent to neutralization 
number of .3 and .6 furnished for power 
plants. 


acidity at levels other than the ampule 
ratings, a range from .2 to 3.0 mg may 
be obtained by varying the amount of 
oil sample. 

There is no definite maximum operat- 
ing limit on neutralization number for 
all used oils. Much better utilization of 
this test can be made by keeping a 
record of successive determinations. 
Over long periods each sample should 
show a neutralization number close to 
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the preceding one. When serious oxida- 
tion takes place, the values will increase 
rapidly. If there has been no dilution, 
the increase in neutralization number is 
generally accompanied by an increase 
in viscosity. It frequently happens, how- 
ever, that the thickening of oil from 
oxidation is counteracted by sufficient 
fuel dilution to hold the viscosity to that 
of a new lubricant or lower. A high 
neutralization number indicates that 
oxidation of the lubricating oil is oc- 
curring which may be accompanied by 
the formation of varnish deposits and 
sludge. Low temperatures sludge forma- 
tion from oxidized oil, which is accel- 
erated by presence of water, may plug 
oil lines and damage journal bearings. 

The passing Neutralization Number, 
or increase of acidity since last test, 
may be found by putting additional 
ampules of KOH in the mixture, re- 
cording each failure and the value 
finally passed. When the asphalt (pre- 
cipitation number) is high the acidity 
can also be expected to be high. When- 
ever the oil shows an _ appreciable 
amount of asphalt from the centrifuge 
tests, the acidity test should be delayed 
until the oil has been clarified by filter 
change or centrifuge. 

The additives in modern oil act upon 
the KOH for measuring acidity and 
thereby produce a relatively high initial 
reading for the new oil, which is not 
acid in true sense. A practical test for 
engineers should then be used to deter- 
mine what is normal for the new oil 
and then test for any increase above 
normal. 


Viscosity and Fuel Dilution 


Contrary to belief, oils, of themselves 
do not thin out in service but rather 
tend to thicken. However, in service 
most oils show a lower viscosity after 
use than in new condition due to fuel 
dilution. 

The most commonly used instrument 
for determining viscosity is the Saybolt 
type with universal orifice. Viscosity, 


th 


Fic. 4.—Viscosity and Fuel Dilution Indi- 
cator. 
Test for Fuel Dilution and Viscosity : 
Change in viscosity is used to show ex- 
tent of fuel dilution. The dilution indi- 
cator has four balls falling in tubes filled 
with the oils. The balls can be dropped 
in pairs, threes or fours. The balls are 
started from “0” by manual release but- 
ton and stopped in flight when one ball 
reaches “100”. Assume, for instance, the 
ball in a used oil stopped at “100”, and 
the ball in the original new oil at “60”. 
This used oil has 60% of its original 
viscosity. Nine tubes are furnished. As 
many as eight samples of used oil can 
be tested in quick sequence. 


expressed in seconds (Saybolt Univer- 
sal) is the time required for 60 milli- 
liters of the liquid to flow through the 
standard aperture of the instrument at 
a stated temperature. The viscosity of 
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oil changes with temperature and this 
rate of change may be ascertained by 
the Viscosity Index. 

Fig. 4 shows a viscosity and fuel 
dilution indicator employing the falling 
ball principle for comparison on the 
new oil and a used oil of similar grade. 
One tube marked A contains new oil 
sample whereas the remaining tubes 
contain used or operating oil. A change 
in viscosity is shown by the fall of the 
ball in the used oil compared with the 
fall of the ball in the new oil. The balls 
are released at “O” by manual button 
and stopped in flight when one ball 
reaches “100.” The reading reached by 
the slower ball applies to the oil with 
the fast ball. Temperature is the most 
critical factor in all viscosity tests. Oils 
that have reached room temperature 
before filling the metal tubes require 
approximately 15 minutes to equalize 
whereas samples just brought in require 
30 minutes. This test is a comparative 
test and requires no index or interpola- 
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percentage of used oil viscosity to that 
of the new oil, and results are accurate 
for maintenance purposes without undue 
concern Over temperatures. 

To determine actual fuel dilution in- 
stead of percentage original viscosity, 
test cases may be made by the engineer. 
Fuel is added to new oil in certain 
proportions, and the viscosity compared 
with the original oil. By comparing 
these mixtures of fuel diluted oil with 
undiluted new oil, each operator can 
establish what viscosity changes mean in 
terms of percent dilution for his par- 
ticular oil. This is of interest when the 
condemning limit has been established. 

It is not the intent of this paper to 
impart knowledge which will enable the 
operating engineer to do the work of a 
chemist or oil technologist. The object 
is to convey practical information useful 
in securing better results in dies-i op- 
eration through lubrication control. Re- 
cording the results of on-the-spot 
analyses establishes a continuous record 


tion. The results are expressed in of proper lubrication, or shows trends 
LUBRICATING OIL CONTROL RECORD 
Veee!: U.S.S. MAINTAIN | EFFICIENT - BY sertat No. 140739 
ou Oil Hours Filter Hours viscosity Water & Sediment _]Neut Nos | Make of OW: 
Date Since Since % Failed 


Slight dilution indicated. 


6A__| 9250 | 70 | 160 | 70 | 160 | 96% | T W N P, |Check injectors 
6A5 | 9250 | 120 | 220 | 120 | 280 | | LT | N P. 6 |Ctieck cornbustion. 
F. 3 | Change filters & check injectors. #2 | 
9 5 3 9 el on | F, 6 | injector changed. Check fuel dilution with 
| 7/2_| 9250 | 150 | 430 | 150 | 430 | 
7/3 9250 20 | 450 20 20 92% N N N N - 2 Fuel dilution decrease, Oil OK, 
F. 3 |Trace of water by muddy color. 
7/20 | 9250 | 209 | 659 | 209 | 229 | 96% | N 7 i? N P, 6 |Check system and temperatures . 
7/23 | 9250 | 40 | 699 | 40 | 269 | 98% | N NIN N P, 6 |No water in evidence - O11 OK, 
Fuel dilution approximately 2%. Check for 
8/23 | 9250 | 310 | 1009] 310 | 579 | 90% | T | F. | aitution in two days, Change filter. 
Change oil. Check for oxidation through 
8/25 | 9250 | 40 1149} 40 | 40] 92% | | 2] N | | high temperature and blow-by. 
Overload and high temperatures were 
| 9AL_| 9250 | 100 | 100 | 100 | 100 | 100% | N n iN N P. 3 | apparent. 


TsTrace None LT = Large Trace 
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which can easily be interpreted. Making 
frequent tests at regular inspection 
periods quickly establishes what is 
normal for the various values and the 
interpretation is merely a question of 
noticing when the values depart from 
normal. As, the centrifuge results in- 
crease to readable values, and irrespec- 
tive of the size of deposit, it indicates 
filters are becoming “loaded.” <A pro- 
gressive incyease in fuel dilution indi- 
cates leaking or dribbling injectors. 
It is often erroneously thought that 
the quality or performance of the lubri- 
cating oil causes or contributes to 
crankcase explosions. In most cases 
upon examination, the cause has been 
found to be a faulty mechanical con- 
dition caused by a hot spot or localized 


temperature in the engine which was 
sufficiently high to ignite a mixture 
of air and oil vapor. To guard against 
possible explosions fuel dilution should 
be held to a minimum. 

Various other operating factors which 
are detected through their effects on the 
lubricating oil will occur to the reader. 
All in all, a practical on-the-spot analy- 
sis of lubricating oil offers a great 
opportunity to know what is going on 
inside the engine. Moreover, the ability 
to measure and read actual data on the 
lubricating oil has also a marked psycho- 
logical effect upon operating engineer- 
ing personnel, stimulates beneficial in- 
terest, and leads to more economical 
operation and maintenance. 
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Lr. Cor. R. J. KNox graduated from the U. S. Naval Academy December 19, 
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later Executive Officer of the U.S.S. Hunt (DD674) until September, 1945. In 
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Annapolis, Maryland and received his Master’s degree in Mechanical Engineering 
upon graduation in May, 1948. At present he is assigned the duties of Special 
Projects Officer at the Naval Boiler and Turbine Laboratory, Philadelphia, 


He then served as Engineer Officer and 


INTRODUCTION 


The U. S. Naval Engineering Experi- 
ment Station, Annapolis, Maryland has 
run tests over a period of years to de- 
termine the effects of thermal shock on 
steam piping for naval use. The calcu- 
lations of the stresses set up by thermal 
shock, however, require a knowledge of 
the temperature distribution in the wall 
at all radii. Just what the temperature 
distribution is in the pipe wall before 
steady state conditions are attained is 
the subject of this investigation. 

Thermal shock in the operation of a 
Navy steam propulsion plant is an ab- 
normal condition. The possibility of 
thermal shock conditions, through a 
casualty, is however always present. 


High temperature shock can be the re- 
sult of failure to warm up a main steam 
line properly before admitting high 
pressure saturated steam the 
boiler. Cold shock can be the result of 
“carry-over” of a water slug from the 
boiler into the lines which have been 
carrying superheated steam. 

The author first became aware of 
this problem in August 1947 during an 
informal discussion with Mr. W. C. 
Stewart of the EES. By this time the 
EES had obtained a sizable amount of 
data from cyclic thermal shock tests. 
These tests were run on various sec- 
tions of pipe to determine the physical 
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effects of cyclic thermal shocking. This 
data is used as a basis for an investiga- 
tion into the subject problem. 

The author wishes to express his deep 
appreciation to those who have aided in 
this investigation. He especially 
grateful to Associate Professor George 
H. Lee, U. S. Naval Postgraduate 
School, for his assistance and continued 


guidance. The author is also grateful to 
the Engineering Experiment Station 
and its Mr. William C. Stewart for 
suggesting the investigation and cooper- 
ating to the fullest in furnishing data. 
He further expresses appreciation for 
the counsel of Doctor Warren M. 
Rohsenow, Massachusetts Institute of 
Technology, Cambridge, Massachusetts. 


DATA 


Tests were run on a length of 25-20 pressure and 470F temperature through 


Cr-Ni, 3/4 inch IPS, schedule “double 
extra strong” pipe using saturated 
steam, superheated steam and exhaust 
gas as the heating media. The specially 
bladed turbo supercharger wheel at the 
EES was employed to supply the com- 
bustion gas using gas temperatures 
ranging from 1040F to 1360F. Other 


the test pipe. The resultant curves of 
inside and outside temperatures vs. time 
for these runs are shown in Figs. 1, 2 


and 3 respectively. 


One thermocouple was peened to the 


outside wall at mid length of the tube. 
Another thermocouple was brazed to 
the bottom of a %4 inch diameter hole 


runs were made by passing superheated drilled to within 0.01 inch of the inside 


steam at 500 psi pressure and 1050- 
1070F temperature through the sample. 
A third set of test runs was made by 


wall, 4% inch distance from the peened- 


in thermocouple. In the test with ex- 


haust gas, however, the latter thermo- 


passing saturated steam at 500 psi couple was pressed against the bottom 
+ 
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of the hole by means of an 18-8 Cr-Ni Runs were also made on an 18-8 
steel screw insulated from the thermo- Cr-Ni pipe, 3% inches O.D. and 2 
couple. The thermocouple wire used inches I.D. with thermocouples located 
was No. 29 B & S gage iron-constantan.  .01 inches and .306 inches from the in- 
The inlet and outlet pipes carrying the ner wall and a third peened to the 
heating medium were drawn up tightly outer wall. Thermal shock was created 
against the counterbored ends of the by means of exhaust gas at temperatures 
test sample by means of bolts secured ranging from 1260-1450F. A plot of 
to flanges welded to the pipes. Insulat- the temperature vs. time curves for all 
ing gaskets were placed in the counter- three thermocouples is shown in Fig. 5. 
bored ends of the test sample to mini- The results of these tests clearly indi- 
mize heat transfer due to conduction. cated that saturated steam produced the 
Pipe lagging for insulation, however. greatest rate of temperature rise. 
H | was not used in any of the tests. Thermal shock tests were then planned 
In addition to these runs a series of  ysing saturated steam as the heating 
tests was made on a similar sample of — medium. A section of two inch 25-20 
18-8 Cr-Ni_ steel pipe, inch O.D.  Cy_Nj pipe 1.189 inches outside radius, 
and 134 iach LD. with thermocouples .749 inches inside radius was set up for 
located .041 inches and .403 inches from 
dhe inside wall and & Ged test in the same manner as the initial 
the outside wall. Thermal shock was beste. Thermocouples buen located as 
created by means of induction heating. fT the previous test runs with saturated 
A plot of the temperature vs. time ‘Steam. A representative plot of the 
curves for all three thermocouples is resultant temperature curve is shown 


eat 


shown in Fig. 4. in Fig. 6. 
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TABLE OF SYMBOLS AND ARBREVIATIONS 


B—British thermal unit. 
c—Specific heat—B/Ib/F. 
E—Modulus of elasticity in tension 
and compression. 
J,.—Bessel function first kind, order 


n. 
k—Thermal conductivity — B/hr/ 
ft?/ft/F. 


Nn—Bessel function (Neumann) sec- 
ond kind, order n 
n—Any integer. 


r—Radius. 
r,—Inside radius of a hollow cylin- 
der. 
rp—Outside radius of a hollow cylin- 
der. 
t—Time. 


a—Diffusivity—k/cp in 2/sec. 
8—Coefficient of expansion. 
Ar—Small finite difference in radius. 
At—Small finite difference in time. 
6—Temperature. 
6.—Temperature at inside radius. 
6,—Temperature at outside radius. 


6r+Ar—Temperature at same time at 
r+Ar and at r—Ar. 


6,—Temperature at time t. 


6:+At—Temperature at time t+At and 
t—At at any one radius. 


6\+A\—Temperature at same time at 


A+AA and A\—AX. 
A—In r/rg. 
v—Poisson’s ratio (unit lateral 
contraction/unit axial elonga- 
tion). 
p—Density—lb/in*. 
or—Radial stress. 
ot—Tangential stress. 
o—Any function. 
B&S—Brown and Sharpe. 
EES—Engineering Experiment 
tion. 


Sta- 


1.D.—Inside diameter. 
IPS—Inside pipe size. 
In—Logarithm to Naperian base. 
O.D.—Outside diameter. 
psi—lbs/in?. 
cc —Infinity. 


ANALYTIC SOLUTION FOR TEMPERATURE DISTRIBUTION 


To calculate the thermal stresses in a 
finite hollow cylinder the following 
formulae given by Timoshenko (14) 
are used: 

b 


BE r?+ a? 
(1—v) rte + 


(1) ot= 


r 


/ Ordr — Or? 


b 


BE r?—a? 
(1—v) [or 


a 


(2) or= 


r 


/ Ordr 


a 


It is not the author’s intention to 
show the derivation of the above formu- 
lae since they follow a straight forward 
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method and are presented clearly by 
Timoshenko. The only purpose in in- 
troducing them is merely to show their 
relation to the temperature distribution 
in a thick cylinder. 

To solve the integral f{@rdr it is 
necessary to obtain the temperature dis- 
tribution through the pipe wall. It is 
therefore necessary to determine the 
analytic solution or to use a graphical 
method of solution. 

Barker (1) and Lees (7) give the 
steady state temperature distribution in 
a hollow cylinder which is of interest 
but of little value. Churchill (3) and 
Williamson and Adams (15) present 
papers which give the analytical solu- 
tion for the transient temperature dis- 
tribution in a solid cylinder. The initial 
temperature is uniform. The surface 
temperature rises instantaneously to a 
given temperature and is maintained at 
that value. Carslaw and Jaeger (2) 
give a solution for the case of the 
infinite hollow cylinder. 

Dahl (4) gives a solution for the 
case of the finite hollow cylinder. The 
initial temperature is uniform. The in- 
ner surface temperature is instantane- 
ously raised to a value and maintained 
at that value. The outer wall tempera- 
ture is maintained at the initial tempera- 
ture. 

Carslaw and Jaeger (2) also present 
the case of a finite hollow cylinder. The 
inside surface temperature is raised in- 
stantaneously and maintained constant. 
The outer wall is adjacent to an infinite 
fluid which maintains its temperature 
constant at a point distant from the 
outer wall. 

Literature dealing with the analytical 
solution of temperature distribution in 
a hollow cylinder therefore is limited to 
highly idealized problems. Peculiarly, 
all published solutions have one com- 
mon boundary condition, namely an in- 
stantaneous surface heat source. This 
is a condition in which the surface is 
instantaneously brought to a_ given 
temperature and then maintained at that 
temperature. This condition is not pres- 
ent in the actual problem. 


The combination of three conditions 
is the cause for the complexity of this 
particular problem. These three con- 
ditions are: 1) steel pipe has a high 
thermal conductivity, 2) the heat source 
in the actual problem produces a vari- 
able surface temperature and, 3) the heat 
source produces a variable rate of 
change of the surface temperature. 

In addition, the problem primarily 
is centered around the initial two or 
three second period of time. Boundary 
conditions used by Dahl (4) or Carslaw 
and Jaeger (2) cannot be assumed. On 
the other hand the problem cannot be 
dealt with as in the case of Perry and 
Berggren (10) who choose the cork 
lagging on a metal pipe and then work 
only with the cork cylinder. 

Graphical solutions in the literature 
are developed for the elementary bound- 
ary conditions only. For example, the 
Schmidt graphical method for a slab 
(9) (11) (12) can be adapted to a 
cylinder wall but large errors are intro- 
duced during the early stages of the 
solution. The theory of these, however, 
can be applied to the actual problem. 
The author carries out this application 
for the case of heating only and presents 
results which he feels are accurate. 

The maximum thermal stresses will 
occur in the early stages of heat trans- 
fer. It is therefore readily seen that an 
analytic solution is more desirable than 
a graphical solution. 


1. The general solution. 

Assume the initial uniform tempera- 
ture of the body as zero, the boundary 
conditions of the problem are: 
at t =Oand r=r,; 0=0 
at t=Oand r>r,; 0=0 
at t=t and r=r,; 0=¢,(t) 
at t=t and r>r,; 6=¢,(t) 

The differential equation for heat con- 
duction in a cylinder (Fourier-Poisson ) 
when radial changes only are observed 
is; 

06 0°70 1 06 
(3) 
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A general solution is obtained by as- 
suming 9 = R T where R is a function 
of r only and T is a function of t only. 
Differentiating and substituting: 


OT 1/@R,10R 


1 
‘aT ot R\dr? ‘r or 


(4) 


where yw? is any arbitrary constant. 

A general solution therefore since T=e 
(C,—ap*t) and R=A,J, (ur) +BiNo 
(ur) is: 


1 


where A and B are constants of integra- 
tion and would normally be evaluated 
by substituting the boundary conditions. 
This procedure fails in this problem 
since all boundary conditions cannot be 
substituted to meet the final general 
equation after A and B_ have been 
evaluated. 

Another particular solution is to let 
c6/et = C,. The solution of the differ- 
ential equation is then: 


+Bilne+D,+ Cit 


where B, and D, are constants of inte- 
gration; = 0, — 

Another general solution therefore 
might be: 


(6) 


(7) d= Bune Cx | 


GRAPHICAL SOLUTION FOR 


Schmidt’s graphical method (12) is 
basically for a slab. It can be adapted 
to the cylinder, but as previously stated, 
it is very much in error during the early 
time intervals. Williamson and Adams 
(15) point out, and Fishenden and 
Saunders (5) confirm the fact, that 
Lord Kelvin’s (8) probability integral 
more nearly approximates the initial 
thermal wave penetration. This improve- 
ment over the Schmidt method was 
further advanced by Perry and Berggren 
(10). They determine a graphical solu- 


> [ ATo(ur) +BN (ur) ] 
1 


This equation can be used only for a 
limited time since the first term in- 
creases with time. The entire solution 
breaks down on a substitution of initial 
conditions. At all values of r, time 
equal to zero, the first term and the 
temperature difference (8, — @,) are 
both zero. Again A equal to zero is the 
only choice for evaluating A. Unless 
@ is considered as 0, — 6), the solution 
is merely for a condition in which all 
temperatures are rising at the same rate 
at all radii, consequently eliminating 
that possibility for a solution. 

Assume the solution of the differential 
equation to be 6 = R + T. Differen- 
tiation and substitution results in: 


1 oT ,10R 
on inspection it is seen: 

eT 06 

) ot 


thus the result is the same as the solu- 
tion of 00/et = C,. 

As a result of the above investigation 
there does not appear, applying the 
above approach, to be an analytic solu- 
tion to the actual problem. Through 
necessity, rather than through prefer- 
ence, an attempt was made to find a 
graphical solution. 
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tion for the heat flow differential equa- 
tion for cylinders using small finite 
differences. This graphical solution is 
developed only for the problem of a 
hollow cylinder with an instantaneous 
surface heat source. The inside wall 
temperature is then maintained con- 
stant. Conduction to an infinite fluid 
is assumed to take place at the outer 
wall. The results are compared with 
values obtained by using Carslaw’s and 
Jaeger’s formula for the same condition. 
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HOLLOW CYLINDER TEMPERATURE DISTRIBUTION 


The equation given by Perry and 
Berggren is for the temperature rise 
during a time interval at any given 
radius (10) (6). It is merely a weighted 
mean value of the temperature of the 
two adjacent radii before the time inter- 
val, namely : 


Ar 


A 
(« + =) 


For very small values of Ar or as 
Ar — 0O the equation agrees with 
Schmidt's equation for a slab (12): 


(11) 


The initial curve following the Lord 
Kelvin probability integral or Dahl’s 
equation can be used over that first 
small time increment. Assume an in- 
stantaneous rise of temperature at the 
inner wall for the short time increment. 
The outer wall will remain at the initial 
uniform temperature. Where At is very 
small Dahl’s equation has little, if any, 
advantage over Lord Kelvin’s integral. 

It is desirable to have small incre- 
ments of Ar. Since At is proportional 
to Ar?, the error of the graphical solu- 
tion can be reduced to a minimum by a 
proper choice of Ar. By progressing 
through the graphical analysis using a 
tedious mathematical solution for each 
point, an accurate curve can be drawn. 
In the actual problem the outer surface 
temperature increases with the inside 
temperature. It is desirable to prevent 
a dip in the curve below the outer wall 
temperature. Any temperature which 
graphically is determined to be below 
the outer surface temperature will auto- 
matically be given the same temperature 
as the outer surface. This condition will 
occur during early time intervals near 
the outer layer. An attempt to fair in 
a curve would introduce possible errors 
on the unsafe side of the actual tempera- 
ture distribution curve. It is considered 


better therefore to introduce a slight 
safety factor by using the procedure 
mentioned above. 

Jakob (6) and Perry and Berggren 
(10) give proof that a scale of Ar 
plotted as AA, where X = In r/r,, can 
be used in a plot against temperature 
to produce a direct graphical method of 
solution. The temperature rise in a 
cylindrical segment for a time interval 
At can then be obtained merely by 
drawing a straight line on the graph 
between 6, and 4,4). The inter 
section Prtata is the desired tempera- 
ture. 

A careful evaluation of the problem 
graphically yields the results as shown 
in Fig. 7 and Fig. 8. The tedious 
graphical solution represented by Fig. 7 
immediately caused the author to inves- 
tigate the possibility of a more rapid 
graphical solution. A graphical solution 
represented by Fig. 10 was then made 
for purposes of comparison. 


6 8 
TIME -SECONDS FIGURE 8 
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The first sixteen steps of both solu- 
tions are identical. Time increments in 
Fig. 10 are then rapidly increased to 
speed up construction. The time to 
produce Fig. 10 was approximately one 
half the time required for Fig. 7, A 
comparison of resultant values of tem- 
peratures for r,, r, and r, from both 
Figures was then made. A maximum 
deviation of 6 degrees representing a 
4% error occurred for r, at 1.512 
seconds. This error rapidly decreases 


DIRECT GRAPHICAL SOLUTION | 


ERATURE VS. RADIUS 


AT=ARI/20C 
FIGURE 7 | 


R, Rs Re 


and disappears after 6.048 seconds. For 
r, the maximum deviation was 4 degrees 
for a 2.8% error at 2.1168 seconds. The 
trend of a decreasing deviation and an 
increasing time for that maximum de- 
viation to occur was noted with an in- 
crease in radius. At r, the maximum 
deviation was 3 degrees for an error 
of 2.7%. The time was 3.628. The de- 
viation disappears as time increases 
which is a trend characteristic of any 
graphical solution of this type (13). 
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"he DISCREPANCIES NOTED IN DATA USED 
an 
i. A plot of steady state temperature examination of the resultant curves. 
~ distribution radially in a hollow cylinder Most apparent is the change of curva- 
— is a straight line when plotted on ture from concave up to concave down 
or coordinates of temperature vs. In r/r,. after ninety seconds. The second pe- 
a The data as shown in Fig. 5 represents culiarity at ninety seconds is a change 
; the readings of three thermocouples in from increasing slope with time to de- 
ny a pipe wall. This data was replotted creasing slope with time. The latter is 


in Fig. 9 as temperature vs. In r/r,. 
Two peculiarities are apparent upon 


the effect of the wave front as the heat 
penetrates the pipe wall. 
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The change from concave up to con- 
cave down indicates at once a discrep- 
ancy in the data. Since steady state is 
the ultimate condition which can exist 
under the conditions of the test, the 
concave down curves are an impossi- 
bility. 

The author is of the opinion that the 
plot reveals a lag in temperature read- 
ings. This may be an error introduced 
by either the thermocouples, the indicat- 
ing instrument, or both. The lag, on 
the other hand, may be only the result 
of personnel errors in taking the tem- 
perature readings. The existence of this 
lag must, however, be acknowledged. 
Pipe lagging for insulation would have 
no effect on the results until approxi- 
mately the time at which the first heat 
wave reaches the outer wall, conse- 
quently the absence of lagging during 
these tests has no effect upon the data 
taken during the early stages. 
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CONCLUSIONS 


It has become quite obvious, as a 
result of this investigation, that more 
detailed data should be taken in future 
tests. The installation of several thermo- 
couples at proper radial points in the 
pipe walls would be desirable. The 
maximum temperature rate and conse- 
quently the maximum thermal shock in 
the test occurs within five seconds after 
heating begins and, in the case of severe 
cold shock, maximum stresses would 
occur in a shorter interval. Automatic 
recording devices attached to the ther- 
mocouples may be the answer to better 
data in the critical time interval. The 
use of oscilloscopes and cameras may 
be of further assistance in obtaining 
more accurate data. 

The maximum error introduced by 
the rapid graphical solution is small 
and tends to decrease with time. De- 
termination of the temperature distri- 
bution in a pipe wall can be made by 


the rapid graphical method in two to 
three hours. These factors may be of 
value to anyone who wishes to make 
calculations on a series of thermal shock 
tests for comparative purposes or as a 
means of checking recorded data. 

It appears, therefore, that the graphi- 
cal solution suggested by Perry and 
Berggren as applied to the actual prob- 
lem is the only solution if it is desired 
to maintain the complex boundary con- 
ditions. It is also a solution which can 
be calculated with comparative ease by 
a direct method. 

The numerical results in this paper 
are only as reliable as the data taken. 
All values of temperature prior to a 
time of five seconds were obtained by 
extrapolation. It is necessary therefore 
to consider the value of this paper pri- 
marily in terms of the theory presented 
and its application to a specific practical 
problem. 
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The author’s desire to present this paper may stimulate the interest of 
paper was motivated not by a feeling qualified men to make a thorough inves- 
of having made any contribution to tigation considering the actual boundary 
science regarding this particular subject conditions which exist when thermal 
but primarily from a feeling that this shock takes place in steam piping. 
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INTRODUCTION 


During the past fifteen years, the 
Navy has enjoyed wide experience in 
the shielded arc welding of Special 
Treatment Steel in ship construction. 
Most of this experience has been gained 
through the use of the Navy Grade IV 
(25-20 Chrome-Nickel) austenitic steel 
welding electrode covered by Bureau 
of Ships Specification 46E4(INT). The 
resulting weld deposits, though con- 
sidered satisfactory, were generally 
plagued with small intergranular cracks 
and the joint efficiencies obtained ap- 
proximated 70 percent of the plate ma- 
terial. 

At the beginning of World War II, 
the War Production Board, in attempt- 
ing to conserve strategic materials, pro- 
hibited the use of the Navy Grade IV 
electrode and directed that all armor 
welds be made using the Navy Grade V 
(20-10 Chrome-Nickel) austenitic steel 
welding electrode. Most everyone asso- 
ciated with shipbuilding is familiar with 
the difficulties encountered using this 
substitute electrode. Weld metal crack- 
ing along the line of fusion was so 
prevalent that it was practically impos- 
sible to obtain satisfactory butt welds 
under the conditions of high restraint 
normally encountered in shipbuilding. 
And, where occasionally butt weld joints 
were babied to a satisfactory comple- 
tion, sudden drops in atmospheric tem- 
perature left little to brag about. Ex- 
tensive fusion line cracking has been 
known to develop with sudden drop in 
atmospheric temperature to below freez- 
ing occurring as late as thirty days after 
completion of a supposedly satisfactory 
butt weld. 

It was because of these difficulties 
that the War Production Board relaxed 
their ruling to permit the use of Navy 
Grade IV (25-20) austenitic steel weld- 
ing electrodes in depositing multipass 
butt welds in 20-pound or heavier plate. 
Consequently, the National Defense Re- 
search Council, following through with 
W.P.B.’s efforts to conserve strategic 


materials, entered upon a program to 
develop a ferritic type armor welding 
electrode. This electrode, commonly 
called NRC-2a, was of the manganese- 
molybdenum alloy steel type and its cov- 
ering formulation approximated that of 
the Navy Grade IV (25-20) electrode. 

During the same period, shipbuilders 
also were experiencing difficulty weld- 
ing Navy High Tensile Steel using the 
AWS-E-6010 mild steel welding elec- 
trode (Grade 1 of Bureau of Ships 
Specification 46E3). Since this trouble, 
underweld cracking, could be greatly 
reduced using an austenitic type (Grade 
IV), welding electrode, the Navy also 
found itself interested in finding a fer- 
ritic type electrode which would over- 
come this difficulty. These efforts re- 
sulted in the development of a molybde- 
num alloy type ferritic electrode having 
a covering formulation similar to that 
of the austenitic type and which was 
commonly referred to as a “Mineral 
Covered High Tensile Steel Welding 
Electrode.” It is doubtful that anyone 
ever thought the troubles encountered 
using the Navy Grade V electrode would 
ever be dwarfed, but the NRC-2a and 
the high tensile steel electrodes were 
found to be so erratic and unpredictable 
in their behavior that they succeeded in 
overshadowing the previous troubles and 
it was necessary to withdraw them for 
further study and development. These 
studies resulted in the startling dis- 
covery that, for the most part, the erratic 
behavior of these electrodes was caused 
by moisture in the covering; both that 
absorbed from the atmosphere and 
through the use of compounds in the 
covering having a high content of water 
of crystallization. It was this informa- 
tion concerning the effect of moisture 
that has been largely responsible for the 
success of the current low hydrogen 
type AWS-E-7015 medium steel weld- 
ing electrode covered by Bureau of Ships 
Specification 46E8(INT). 
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With this background, the Navy in 
cooperation with NEMA, the National 
Electrical Manufacturers Association, 
of which the electrode manufacturers 
are members, formed a committee of 
technical personnel from both the elec- 
trode industry and the Navy, to develop 
an electrode that would deposit high- 
yield, notch-tough, ferrous weld metal. 
This program was to be carried on in 
conjunction with that for the develop- 
ment of high-yield, notch-tough steels 
for hull construction. The electrode to 
be developed was to have operating 
characteristics similar and equal to 
those of the low hydrogen type electrode. 
The deposited weld metal was to have 
a yield strength of from 85,000 to 95,000 
p.s.i. and a ductility of approximately 
20 percent elongation in 2° test lengths. 
The physical properties of the weld de- 
posit were to overmatch the plate ma- 
terial by approximately 10 percent. The 
electrode was to be suitable for deposit- 
ing satisfactory welds at preheat and 
interpass temperatures of O°F; and, 
under the highest degree of restraint 
that could be successfully welded using 
AWS-E-7015 or 7016 electrodes under 
like conditions. 


It was further agreed that the impact 
properties of the weld deposit should 
indicate a transition temperature of less 
than —40°F. Other than the fact that 
the weld deposit was to be ferritic, no 
restrictions were placed on the type and 
quality of alloy to be introduced into 
the weld deposit. 

Of course, a modification of the NRC- 
2a electrode was the first to be inves- 
tigated in this program. The electrode 
is of the manganese-molybdenum type 
and its deposited weld metal meets the 
yield strength, elongation and impact 
test requirements given above. How- 
ever, it was found that satisfactory multi- 
pass welds could not be deposited at 
preheat and interpass temperatures of 
less than 150°F, even under very moder- 
ate degrees of restraint. This indicated 
that preheat and not restraint was the 
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primary consideration for successful ap- 
plication of the electrode. 

The development program proceeded 
with the investigation of many types of 
electrodes having various combinations 
of alloying elements. These included: 


Nominal Alloy 


Composition 
per- per- 
cent cent cent 

Manganese- 

Molybdenum ..... (1.7 -0.30) 
Manganese- 

Chromium . (0.90 - 0.90) 
Manganese- 

Vanadium ........ (1.0 -0.20) 
Molvbdenum ........ (1.0) 
Molybdenum- 

Vanadium ......... (1.0 -0.10) 
Molybdenum-N ickel- 

Chromium .......<. (0.80 - 0.80 - 0.30) 


Nickel-Chromium ... (1.90 - 0.80) 
Nickel-Chromium- 

Vanadium .......;. (1.90 - 0.30 - 0.20) 
Nickel-Manganese_ . . (1.80 - 1.30) 
Nickel- Manganese- 

Vanadium ....... (2.0 -1.0 -0.15) 
Nickel-Silicon ...... (1.6 -0.75) 
Nickel-Molybdenum .(1.6 - 0.50) 
Nickel- Molybdenum- 

Vanadium: ....... (1.6 -0.35 -0.10) 


The weld deposits for most of these 
alloy combinations met the tensile prop- 
erty requirements of the program, but 
fell very short in meeting the weldability 
requirements. This caused considerable 
concern among the committee members 
and, as a result, many coating formula- 
tions were investigated for a number 
of the above alloy compositions, greatly 
increasing the scope of the investigation. 
However, it was not until the nickel- 
molybdenum-vanadium alloy type had 
been investigated that an electrode was 
found which successfully met the welda- 
bility requirements; that is, depositing 
satisfactory weld metal under a high de- 
gree of restraint at preheat and interpass 
temperatures of 0°F. Further work with 
this alloy composition indicated that 
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only one manufacturer could produce a 
satisfactory electrode of this type. In 
view of this, the program was again 
enlarged to permit a study of various 
coating formulations in an endeavor to 
determine the cause for the inability of 
other electrodes of this type to perform 
satisfactorily. This study indicated that, 
for the most part, the moisture content 
of the covering greatly influenced the 
performance of the electrode and that 
baking at high temperatures to reduce 
the moisture content to a value much 
lower than that previously found neces- 
sary was of considerable benefit. 

At that time, the Bureau of Ships 
became interested in obtaining a fer- 
ritic type alloy steel electrode to take 
the place of the present Navy Grade IV 
(25-20) austenitic electrode currently 
used for welding Special Treatment 
Steel. The weld deposit was to have a 
minimum yield strength of 110,000 
p.s.i. and good low temperature impact 
properties. A further requirement was 
that the electrode should be suitable for 
use under conditions of very high re- 
straint at preheat and interpass tem- 
peratures of 70 to 100°F. In view of the 
success experienced in using the nickel- 
molybdenum-vanadium type composi- 
tion for welding the high-yield strength 
steels, work proceeded along this line of 
attack, resulting in a rather rapid de- 
velopment of the present electrode. This 
electrode is similar in all respects to 
the 90,000 p.s.i. type except that the 
molybdenum content has been increased 
to 0.75 percent and the vanadium to 
0.20 percent. However, the impact prop- 
erties of the restrained weld deposits 
are not quite as good as had been anti- 
cipated. Despite the high strength of 
the weld deposit, the handling and 
operating characteristics of this elec- 
trode are quite similar to those of the 
90,000 p.s.i. minimum yield and the 
AWS-E-7015 or 7016 electrodes. 

Being well cognizant of that famous 
Welder Philosophy “Believe not what 
vou hear and only 50 percent of what 


you see provided you can X-ray” ; it was 
deemed advisable to send samples of this 
electrode to various shipbuilding-activi- 
ties to obtain their comments concern- 
ing its performance. Quantities were 
shipped to various Naval Shipyards and 
to several east coast private shipbuild- 
ing companies. Without exception the 
comments which have been received 
from these activities have been most 
encouraging. In some instances refer- 
ence was made to minor difficulties en- 
countered in depositing groove welds 
such as porosity at the start of the weld, 
root bead cracking and crater cracks. 
However, in these instances the testing 
agencies reported that such difficulties 
were easily overcome by slight changes 
in technique. 

In view of the many favorable com- 
ments, the electrode was recommended 
for use in the fabrication of a large 
pressure vessel. It was considered that 
this structure would provide an excel- 
lent proving ground for the electrode. 
The reaction of the welders concerning 
the use of the electrode was most com- 
plimentary. After one week of welding, 
most of them were outspoken in their 
preference of this electrode over the 
Navy Grade IV (25-20) austenitic type. 
However, this activity did encounter one 
difficulty not previously reported and 
that was transverse cracking in the re- 
inforcement beads adjacent to the base 
metal. 

Though the usability and handling 
characteristics of the electrode and its 
favorable reception by various ship- 
building yards are most gratifying, it is 
conceded that there is still room for 
further improvement of the physical 
properties insofar as impact is con- 
cerned. Such improvement probably will 
necessitate changes in the alloy balance 
of the deposit and will not necessarily 
require any major alteration in the coat- 
ing formulation. Consequently, any im- 
provement in physical properties of the 
weld deposit should have no appreciable 
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effect upon the usability characteristics 
of the electrode. 

The typical chemical and physical 
properties of the Ni-Mo-V electrode 
and its deposit are shown in Table No. 1. 

As shown in Table No. 1, the ingre- 
dients used in the manufacture of the 
covering indicate it to be a lime-titania 
type to which has been added various 
alloying elements. Of particular note is 
the absence of organic or cellulosic ma- 
terials. Such electrodes are generally 
referred to as the “Low Hydrogen 
Type” in that the are atmosphere pro- 
duced by such coverings are low in 
hydrogen content. The composition of 
the core wire indicates it to be a rimmed 


mild steel. It has a very low silicon 
content and except for manganese such 
alloying elements as are present might 
well be considered impurities. However. 
the composition of the weld deposit 
shows considerable alloy content which 
has been accomplished by transfer of 
the alloying ingredients in the covering. 
This alloy recovery approximates 75 
percent of that present in the covering. 
It is improbable that production of these 
electrodes using alloy steel core wire 
would prove more economical; but this 
phase of the investigation has not as 
yet been completed. 

The physical properties of the weld 
deposit are of particular interest. The 


TABLE 1 
TYPICAL CHEMICAL AND PHYSICAL PROPERTIES 
OF 
NICKEL-MOLYBDENUM-VANADIUM ALLOY STEEL 
SHIELDED ARC WELDING ELECTRODE 


CHEMICAL PROPERTIES 


Covering Ingredients Core Wire Weld Metal* 
percent percent 
Manganese ..... 0.39 Manganese ..... 0.67 
Phosphorus ..... 0.010 Phosphorus .... 0.018 
Ferro-Manganese ....... 0.023 0.023 
Ferro-Molybdenum ...... Chromium ..... 0.06 Chromium ..... 0.06 
Ferro-Vanadium ........ Molybdenum ... 0.01 Molybdenum ... 0.79 
Sodium’ Silicate. ............ Vanadium ..... 0.01 Vanadium ..... 0.28 


* All Weld Metal Pad Analysis. 


PHYSICAL PROPERTIES 
(ALL WELD METAL—CLAD SCARFS) 


TENSILE PROPERTIES 
(.505” Spec.) 


Vield 116,000 
Tensile Strength: 123,000 
Reduction in Area.......... 54.8% 


IMPACT PROPERTIES 
(Charpy Keyhole) 


Ft. Lbs. 
70°F 33.8 
0°F 27.2 
— 40°F 23.8 
— 60°F 17.2 
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yield and tensile strengths of the de- 
posited weld metal are in excess of the 
desired minimum with exceptional elon- 
gation and reduction in area for high 
strength, cast steel. Most tensile frac- 
tures show a full cup similar to that 
generally observed in forged alloy steel 
specimens. The impact properties indi- 
cate fairly good energy absorption with 


a transition temperature somewhat lower 
than —40°F. However, impact proper- 
ties of restrained groove weld metal are 
somewhat disappointing in that they fall 
off rapidly at low temperatures and indi- 
cate a transition temperature approxi- 
mating O°F. Present development is 
continuing in an effort to improve these 
impact properties. 


OPERATING CHARACTERISTICS 


Figs. 1 through 4 compare some of 
the operating characteristics of the 
nickel-molybdenum-vanadium electrode 
with those of the Navy Grade IV (25- 
20) austenitic steel electrode. As would 
be expected. Fig. 1 shows the burn-off 
rate of the 3/16” diameter Ni-Mo-V 
type electrode to be more rapid in com- 
parison to that of the same size 25-20 
electrode when both are operated at 
their optimum currents of 225 amperes 
and 175 amperes respectively. At the 
same welding current, the burn-off rate 
of the 3/16” diameter Ni-Mo-V type 
electrode is somewhat less than that of 
the 25-20 type electrode. However, as 
the current is increased, the metal trans- 
fer characteristics of the Ni-Mo-V type 
electrode improve considerably and ap- 
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proach the ideal spray effect at about 
210 amperes. The 25-20 type electrode 
not only fails to show this improvement 


with increase in current, but at the 
higher currents becomes excessively 
overheated. 


The deposition rates shown in Fig. 2 
indicate that the 25-20 electrode at 175 
amperes is about 30 percent less efficient 
in weight of weld metal deposited than 
the comparable Ni-Mo-V type electrode 
operating at 225 amperes. Even at the 
optimum current for 25-20 electrodes 
the deposition efficiency of the Ni-Mo-V 
electrode compares favorably with the 
austenitic type. 

Fig. 3 shows the depth of penetration 
as a function of welding current for 
Ni-Mo-V and 25-20 electrodes. As 
might be expected, penetration is a 
direct function of the welding current 
when the are voltage is held constant 
at 23 are volts over the range. At ap- 
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proximately 155. amperes both the Ni- 
Mo-V and the 25-20 electrodes exhibit 
the same depth of penetration. However, 
the 25-20 electrode shows little increase 
in penetration with increased currents, 
while the penetration for the Ni-Mo-V 
type shows significant increase with 
higher currents. It is interesting to note 
that the penetration for both the 5/32” 
and 3/16” diameter Ni-Mo-V electrodes 
follow the same curve over their respec- 
tive current ranges. 


The deposition efficiencies of Ni-Mo- 
V type and 25-20 type electrodes at 
several welding currents are presented 
in Fig. 4. As indicated, a maximum 
efficiency of approximately 77 percent 
occurs at 150 and 215 amperes for the 
5/32” and 3/16” diameter Ni-Mo-V 
type electrodes, respectively. At higher 
currents, the spatter loss reduces the 
efficiency considerably. Why this effi- 
ciency falls off at the lower currents is 
not readily understood. The deposition 
efficiency of 3/16” diameter 25-20 elec- 
trodes operating at 175 amperes approxi- 
mates 62 percent which is considerably 
lower than that obtained for the Ni- 
Mo-V electrode. The data shown in Fig. 
+ indicate the optimum current range 
for the Ni-Mo-V electrodes to be 140- 
160 amperes for 5/32” diameter and 
200-230 amperes for the 3/16” diameter. 

Having demonstrated the effect of 
welding current on the operating char- 
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acteristics of the Ni-Mo-V type elec- 
trode, it appeared desirable to establish 
the effect of arc voltage at the optimum 
current. The results of these determina- 
tions are shown in the exographs pre- 
sented in Fig. 5 and show the radio- 
graphic characteristics of deep groove 
welds, 34” thick by 12” long, deposited 
in standard 0.505” tensile test assem- 
blies using automatic voltage controlled 
arc welding equipment. Operating at 
the optimum current of 225 amperes for 
3/16” diameter electrodes, the welds 
deposited at 20 and 22 arc volts appear 
to be X-ray free of porosity. At 24 arc 
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volts a few slag stringers appear. At 
25 are volts, the exograph indicates the 
presence of some porosity and macro- 
graphic examination of transverse sec- 
tions through this weld indicate that the 
major portion of this porosity was lo- 
cated in the sealing or reinforcing layer. 
However, at 26 are volts, there was 
considerable porosity throughout the 
deposit. These data would indicate that 
24 arc volts appear to be the maximum 
for satisfactory operation of 3/16” 
diameter Ni-Mo-V electrodes. In view 
of these observations, it was considered 
desirable to establish the maximum 
visible mechanical arc length for satis- 
factory operation and its relationship 
to change in arc voltage and welding 
current. 


Figs. 6 and 7 show the visible me- 
chanical are length as a function of 
are voltage at various welding currents. 
As is to be expected, the visible mechani- 
cal are length is a direct function of 
the arc voltage at any one current value 
in that, as the voltage is increased, so 
does the mechanical are length. The 
zero visible mechanical are lengths are 
possible with the Ni-Mo-V electrode, 
it being practically impossible to short 
out the arc without intentionally break- 
ing the covering forming the crucible. 
However, the variation of current also 
produces a family of straight lines, with 
increasing welding currents showing a 
shorter visible mechanical arc length at 
any given arc voltage. This is shown in 
Figs. 8 and 9, which present the effect 
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of welding current on visible mechani- 
cal arc length for various are voltages. 
Here it can be seen that the visible 
mechanical arc length at a constant arc 
voltage diminishes as the welding cur- 
rent is increased. These data in con- 
junction with that of Fig. 5 appear to 
establish a maximum visible mechanical 
are length of 0.10 inch for satisfactory 
operation of the 3/16” diameter elec- 
trode. Though not further investigated 
by radiographic studies, it is believed 
that this value of visible mechanical arc 
length is also applicable to the 5/32” 
diameter electrode and probably to all 
sizes. 

Fig. 10 shows the visible mechanical 
arc length as a function of are voltage 
for open circuit voltages of 80 and 60. 
For 80 open circuit volts and 225 am- 
peres, the visible mechanical arc length 
at 24 are volts is approximately 0.10” 
and diminishes as a straight line func- 
tion with reduction in voltage to 0.00” 
at 20.5 are volts. Again considering the 
weld assemblies presented in Fig. 5, satis- 
factory welds were deposited between 
24 and 20.5 arc volts or over a range 
of visible mechanical are lengths of 
0.10” to 0.00” when the open circuit 
voltage was maintained at 80 volts. A 
reduction in the open circuit voltage to 
60 would require a reduction in the arc 
voltage range to that of 21 to 18.5 arc 
volts if the electrode is to be operated 
within the satisfactory range of visible 
mechanical arc length. 

The effect of welding current on the 
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visible mechanical are length of 3/16” 
diameter Ni-Mo-V electrodes at open 
circuit voltages of 80 and 60 is pre- 
sented in Fig. 11. As shown, the arc 
length increases with decrease in weld- 
ing current and the relationship is the 
same for both open circuit voltages. 
Fig. 12 shows the depth of crucible 
formed at the end of the 3/16” and 
5/32” diameter Ni-Mo-V electrodes as 
a function of welding current. The data 
show that the crucible depth is a direct 
function of welding current. It is be- 
cause of the variation in the depth of 
the crucible as a function of current 
that the arc voltage must be reduced at 
the lower currents to keep the visible 
mechanical are length within the satis- 
factory operating range. It is interest- 
ing to note that the crucible depth is 
in direct relationship to welding cur- 
rent for the two sizes of electrodes. 
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Figure 13 


Based upon experience and observa- 
tion of the operation of the Ni-Mo-V 
type electrode, Fig. 13 incorporates a 
few instructions for manipulation of 
this electrode. In continuing a weld bead, 


it is not desirable to strike the are in 
the crater of the previous deposit since 
momentary lengthening of the are usu- 
ally occurs upon striking. As previously 
indicated the lengthening of the arc 
may result in porosity at the start ot 
the weld deposit. A better method is to 
strike the arc ahead of the weld, quickly 
bringing same back into the crater and 
rapidly reducing are length to a mini- 
mum. In weaving, the electrode should 
not be pivoted at the wrist as this will 
result in a change of are length. Weav- 
ing should be in a straight line or 
pivoted below the arc so that no change 
in are length results. In any event, it is 
advisable to restrict weave technique to 
a transverse oscillation of not more than 
two electrode covering diameters if un- 
intentional are lengthening is to be 
avoided. 


EFFECT OF MOISTURE 


As previously mentioned, the moisture 
content of the electrode covering has a 
considerable influence on the weld de- 
posit. The effect of various moisture 
contents upon the performance of Ni- 
Mo-V electrodes is presented in Fig. 14. 
These various experimental batches of 
Ni-Mo-V electrodes were investigated 
in the Navy Circular Patch Test. The 
hatched columns indicate unsatisfactory 
performance while the solid columns 
show satisfactory performance and the 
moisture content for each condition is 
shown by the height of the column. As 
a result of this work, a maximum limit 
of 0.20 percent moisture content was 
established for satisfactory operation 
of these electrodes. Though no attempt 
is made to explain the mechanism in- 
volved, the results obtained clearly in- 
dicated the effect of moisture. Unsatis- 
factory performance was indicated by 
severe weld metal cracking while satis- 
factory assemblies were radiographic- 
ally free of weld metal cracks. 

These data concerning the effect of 
moisture raise the question concerning 
the susceptibility of this type of elec- 


trodes to the reabsorption of moisture 
when exposed to moisture-laden atmos- 
phere. Factual information concerning 
the behavior of the Ni-Mo-V electrode 
when exposed for extended periods of 
time to high relative humidity is not at 


EFFECT OF MOISTURE ON 
o9 ELECTRODE PERFORMANCE 


0.8 Vf CIRCULAR PATCH TEST 
NILMO.V. ELECTRODE (110,000 YO.) 
0.7 


Pe satisractory 


4 
es 
WA Receiven 
os REBAKED 300°F 
4 4 \ 
2... 
4 4 
WW A 
NAWNW 
4 \ j N 
N 4A WY 
2 
My MW WAA 
4X 
NW AA 


A A A A A A AA A 
CONDITION 
Figure 14 


610 


I 
a 
t 
( 
\ 
( 
1 
1 
{ 
( 
( 
0 


nce 
Isu- 
isly 
are 
ot 
to 
kly 
and 
ini- 
uld 
vill 
av- 
or 
t is 
to 
lan 
be 


ire 
Os- 
ing 


WELDING ELECTRODES 


present available. However, data con- 
cerning the moisture reabsorption char- 
acteristics of the companion or proto- 
type electrode AWS-E-7016 are pre- 
sented in Fig. 15 for two different lots 
of this type electrode. When exposed 
openly to 90 percent relative humidity 
at 90°F., both lots of electrodes quickly 
absorb moisture at such a rate that the 
water content of the coverings exceed 
1 percent within twelve hours. As indi- 
cated, coverings may have different 
moisture absorption rates over extended 
periods of exposure. However, the ques- 
tion which is not answered is how long 
can an electrode be exposed to these 
conditions before the moisture content 
of the covering exceeds the maximum 
for satisfactory operation. For openly 
exposed electrodes, the time would be 
very short and probably not more than 
an hour or so. However, closely packed 
in an open container, they would prob- 
ably withstand such conditions for a 
period of four or five hours. 

Having absorbed moisture, the next 
question is how to get rid of it. This is 
shown in Fig. 16 which again presents 
data on the AWS-E-7016 electrode 
which is the prototype for the Ni-Mo-V 
electrode. It is to be admitted that the 
moisture content that can be tolerated 
in the AWS-E-7016 electrode coverings 
approximates 0.8 percent and that the 
values presented in Fig. 16 represent 
those obtained on additional baking at 
the times and temperatures indicated. 
However, the information presented in 
Fig. 14 indicates that comparable trends 
might be expected for the Ni-Mo-V 
type electrode coverings. 
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that after one hour or more at tempera- 
ture, the degree of temperature has a 
greater effect in reducing moisture 
than does time at temperature. It also 
indicates that temperatures as high as 
900°F. may be required to effectively 
reduce the moisture below the maximum 
of 0.20 percent. Cognizance of this fact 
has been taken in the manufacture of 
Ni-Mo-V electrodes and they are now 
being baked at from 800 to 900°F. be- 
fore packing by the manufacturer. After 
once having been baked at this tempera- 
ture and not subsequently overexposed 
to high humidity, it is believed that 
rebaking at 500°F for one hour will be 
sufficient to recondition the electrode. 
However, where they have been overly 
exposed to high humidity, it may be 
necessary to rebake at 900° F for satis- 
factory reconditioning. In any event, it 
is not considered desirable to exceed 
a baking temperature of 900° F because 
of the possibility of oxidizing the finely 
divided ferro alloys in the covering. 


These observations show the effect , 
of time and temperature in reducing the & ‘Pa ve 
residual moisture content of electrode ¢ ZL 4 
coverings. As usual, some observations ¢ 
go astray and, as can be seen, the one 3 48723 
hour determinations show considerable i ape 
scatter in comparison to the others. So 
liberty has been taken in plotting the 
one hour curve as a broken line in a 4 at 
position relative to the other three cent 
curves. The data here would indicate aie 
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CONSTRUCTION PROBLEMS 


Now a word concerning some of the 
difficulties encountered using the Ni- 
Mo-V electrode in the field. First, there 
was a problem of root cracking and 
burn-through in double “V” butt joints. 

A subsequent investigation concerning 
the effect of root opening on this condi- 
tion is presented in Figures 17 to 21 
inclusive. Figure 17 shows a macro of 
a transverse section through the root 
layers of a double vee butt joint having 
a zero root opening. It is to be noted 
that the use of high welding currents 
with “O” root opening resulted in in- 
complete penetration at the root. Fig- 
ures 18, 19 and 20 show that where root 
spacing is maintained not in excess of 
5/32”; which is equal to the diameter 


40 POUND \ 
S.T.S. 


of the electrodes used, full penetration 
at the root of the weld can be obtained. 
However, as shown in Figure 21, where 
the root spacing exceeds the diameter 
of the electrode, considerable burn- 
through and cracking in the deposit 
are encountered. This would indicate 
the necessity for rigid regulation of 
root spacing of at least 3/32” and not 
greater than that of the diameter of the 
electrode to be used. Consequently, good 
fit-up is a prerequisite if satisfactory 
butt welds are to be obtained with the 
Ni-Mo-V type electrode. 

Another difficulty encountered was 
cracking of the base metal adjacent to 
the root pass of double “V” butt welds 
in Special Treatment Steel. 


Fiat Position 
5/32" DIAMETER ELECTRODE 
180 AMPERES 


Root PENETRATION IN DousLe “V” GroovE WELDS 


Figure 17 


$12 


O"ROOT OP 
ENING 


tion 
ned. 
here 
eter 
urn- 
Osit 
cate 
| of 

not 
the 
rood 
tory 

the 


was 
t to 
elds 


WELDING ELECTRODES 


= OOT OPENING 


FLAT PosITION 
5/32” DIAMETER ELECTRODE 
160 AMPERES 


Root PENETRATION IN DousLe “V” GroovE WELDS 
Figure 18 


\ 
GROOT OPENING 


FLAT PosItIon 
5/32” DIAMETER ELECTRODE 
136 AMPERES 


Root PENETRATION IN DouBLe “V” Groove WELDS 


Figure 19 


613 


S.T.S. 
3 
‘olw | 
60° 
= 


WELDING ELECTRODES 


\ 
ROOT OPENING 


° 
60 
FLat PosItTIon 
5/32” DIAMETER ELECTRODE 
130 AMPERES 
Root PENETRATION IN DousLe “V’’ Groove WELDS 
Figure 20 


40 
POUND 
S.T.S. 


\ 
76 —ROQT OPENING 


Position 
5/32” DIAMETER ELECTRODE 
130 AMPERES 


band 


Root PENETRATION IN DousLe “V” Groove WELDS 


Figure 21 


614 


60° 
f 
a 
a 
7 
b 
V 
ra. | 
a 
60° 
I 
| 


40 
POUND 
Ss. 


lo 


WELDING ELECTRODES 


\ 
Sl ROOT OPENING 


FLat Position 
5/32” DIAMETER ELECTRODE 
136 AMPERES 


ScarF CRACKING IN DousBLe “V” GroovE WELDS 
Figure 22 


Figure 22 is a macrograph showing 
one of these cracks. Attention is in- 
vited to the slight convexity of the bead 
forming sharp reentrant angles at the 
scarf; and, as illustrated, the crack ap- 
pears to originate at the apex of the 
angle and progress downward into the 
base metal. Not only are such sharp 
notches potential crack starters but they 
also form voids for slag entrapment. 
Therefore, it is essential that the root 
beads approach some degree of con- 
cavity by being deposited so that they 
wash up on the sides of the scarf to 
prevent the formation of these reentrant 


A further means of avoiding difficul- 
ties in the root of such welds has been 
accomplished through the use of AWS- 
E-7015 or E-7016 electrodes in the depo- 
sition of the first root pass. Figures 
23 and 24 are macrographs of completed 
welds in special treatment steel; the 
former being deposited with the Ni- 
Mo-V type electrode throughout and 
the latter being deposited by using an 
E-7015 electrode for the first or root 
pass with the remainder deposited with 
the Ni-Mo-V type electrode. 

The tensile properties determined for 
these assemblies using full thickness 


angles if such difficulties are to be strap type tensile specimens are as fol- 
avoided. lows: 
Tensile Strength Yield Strength Elongation Location: 
PS. % in 8” of Fracture 
Figure 23 117,750 101,250 14.8 Base Metal 
Figure 24 120,000 102,100 14.7 Base Metal 
Navy Grade IV 99,500 71,050 a Weld Metal 
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OF SECTION 
DOUBLE “V" GROOVE WELD : 
ALL LAYERS DEPOSITED WITH Ni. MO. V. 
ALLOY STEEL WELDING ELECTRODE 
MAGNIFICATION 4X 


Figure 23 


The above values are an average ob- 
tained for four specimens from each as- 
sembly. The Navy Grade IV (25-20) 
austenitic weld deposit values were ob- 
tained from the same type of assembly 
and are presented for information only. 

Figure 25 is a photograph of several 
feet of butt weld in the pressure vessel 
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Figure 24 


previously referred to. The photograph 
shows several magnaflux indications of 
reinforcement layer cracks in this length 
of butt. 
with any degree of regularity but were 


These cracks did not occur 


found in groups, unevenly spaced along 
the weld. 


CRACKS REVEALED BY MAGNAFLUX 


REINFORCEMENT LAYER OF DOUBLE “V" GROOVE 


Figure 25 
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Figure 26 presents macrographs taken 
of a probe cut out of one of the cracked 
areas alony the butt. It is to be noted 
in the upper or face macro, that the 
cracks seem to originate in the rein- 
forcement bead adjacent to the base 
metal and progress inward through one 
or more adjacent weld beads. The macro 
of the transverse section shows that the 
reinforcement beads adjacent to either 
side of the weld are laid on base metal 
beyond the scarf. 

Figure 27 shows a photomicrograph 
of one of the cracks taken at 200 diam- 
eters. The etchant used was a 2 per- 
cent Nital. As shown, the crack is purely 
trans-crystalline indicating that it is a 
cold crack or one occurring at a rela- 
tively low temperature. 

A hardness survey of a transverse sec- 


.tion taken from the probe is shown in 


Figure 28. So far as can be recon- 
structed, the reinforcement layer was 
deposited in the numbered sequence 
shown in Figure 28. Beads 1, 2, 7 and 
8 were deposited on the plate surface 
adjacent to the butt scarfs. As would be 
expected, this prqduced approximately 30 
percent dilution of the weld deposits re- 


. sulting in the development of an air 


hardening alloy steel. This is indicated 
by the hardness survey plotted below the 
sketch. Bead 8, the last to be deposited, 
has a hardness of 575 Vickers Brinell 
and it is probable that bead 7 had the 


PHOTOMICROGRAPH OF CRACK IN REINFORCEMENT LAYER 
DOUBLE “V" GROOVE WELD 
MAGNIFICATION 200X 
Figure 27 


same hardness before being tempered by 
the deposition of bead 8. The same is 
apparently true for beads 1 and 2. It is 
believed that the cracking experienced 
in the reinforcement layer was directly 
caused by base metal dilution forming 
an air hardening alloy whose suppressed 
transformation temperature developed 
sufficiently high internal stresses to pro- 
duce cold cracks. This base metal dilu- 
tion can be appreciably reduced by re- 
stricting the width of the reinforcement 
layer to that just sufficient to fully cover 
the butt scarf and by depositing the side 
beads with a slight weaving technique 
so that base metal contamination is kept 
to a minimum. 
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SURFACES OF FRACTURE 
FULET WELO DEPOSITED ON CLEAN GROUND PLATE SURFACES 
MAGNIFICATION 1.5X 


Figure 29 


Figures 29 to 32 inclusive are a series 
of photographs dealing with fillet welds 
deposited on clean, rusty, galvanized or 
painted surfaces, with low-hydrogen 
AWS-E-7016 type electrodes. Figure 29 
shows the surfaces of fracture of a fillet 
weld deposited on clean ground plate 
surfaces. The rather uniform texture of 
the fractured surfaces and the relative 
freedom of macro porosity are to be 
noted. However, as shown in Figures 30, 
31 and 32, when fillet welds are de- 
posited on rusty, galvanized or painted 


SURFACES OF FRACTURE 
FILLET WELD DEPOSITED ON RUSTY PLATE SURFACES 
MAGNIFICATION 1.5X 


Figure 30 


surfaces, the deposits when fractured 
show considerable “worm hole’ type of 
macro porosity. 

At first, it was believed that the 
water content of the paint pigment or 
that absorbed by the rust was the cause 
for this type of porosity. However, it 
now appears that the oxide rather than 
the water content of the pigment and 
rust may be causing this difficulty. 
Though it has not been fully established, 
preliminary work appears to indicate 


SURFACES OF FRACTURE 
FULET WELD DEPOSITED ON GALVANIZED PLATE SURFACES 
MAGNIFICATION 1.5X 


Figure 31 


SURFACES OF FRACTURE 
FLLET WELD DEPOSITED ON PAINTED PLATE SURFACES 
MAGNIFICATION 1.5X 


Figure 32 
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that a reduction of the oxides takes 
place in the metallic are and the released 
oxygen, in combined form, causes the 
“worm hole” porosity. However, the 
investigation of this phase of the work 
is continuing in hope of definitely estab- 
lishing the cause and necessary means 
of prevention to insure against a recur- 
rence in future work. In the meantime 
it appears necessary that all surfaces in 
way of fillet welds be cleaned prior to 
the deposition of such welds. 

In concluding, it is believed that by 
proper use and observation of the pre- 
cautions presented herein, the Ni-Mo-V 
type of electrode will fulfill the require- 
ments necessary for the satisfactory 


electric are welding of special treatment 
steel. The usability characteristics of the 
electrode do not differ materially from 
those of the AWS-E-7015 or 7016 class 
and the strength of the weld deposit 
appears to be sufficient to develop joint 
efficiencies of 100 percent in special 
treatment steel. In view of the excellent 
reception it has been given by various 
production activities, it is the opinion 
that the use of the nickel-molybdenum- 
vanadium electrode will have wide pref- 
erence over the Navy Grade IV (25-20) 
austenitic type, not only by design agen- 
cies, but, also by construction yards, in 
the welding of special treatment and 
other low alloy, air hardening steels. 
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LCVP’s after loading with troops are ready for invasion during recent exercise. 
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division engineer for Timber 


Even prior to Unification, the older 
salts were prone to lament the passing 
of wooden ships and iron men. There- 
fore, this shall be confined strictly to 
the former—and other non-animate uses. 
For, despite recent contrary contentions, 
the Navy is still using forest products, 
and that rate of use promises to increase 
as the field of application for glued 
laminated timber becomes more widely 
realized among those responsible for the 
adaptions of available materials which 
have brought naval engineering the 
eminence it so rightly enjoys in the 
various fields of technical progress. 

What is Glued Laminated Timber ? 
I quote a considered definition from the 
literature of one of its leading manu- 
facturers for marine use: “Laminated 
timbers are built up from multiple thick- 
nesses of lumber, bonded together with 
synthetic resin adhesives of phenolic 
type to form an integral whole. Elimina- 
tion or control of defects during fabrica- 
tion assures a finished product of known 


and uniform strength free of hidden 
weaknesses and tailor-made to fit the 
requirements of a particular boat or 
design.” 

Need for one of the advantages that 
glued laminated timber affords was felt 
by the Service nearly a century ago, 
when commanders of naval vessels voy- 
aging to the then remote Pacific North- 
west region were charged with locating 
and securing for future naval use 
“stands of timber suitable for employ- 
ment in the fabrication of masts and 
spars.” It is also recorded that the 
freshly topped fir that served in place 
as flagpole for dedication of the fledgling 
naval station at Bremerton was later 
used to remast a naval craft neglecting 
to shorten sail off Tatoosh. Despite such 
precautions and husbandry, which at 
one time included an instruction to sur- 
veyors of the General Land Office that 
they be careful to record in their notes 
“exact locations and extent of spar tim- 
ber,” dimension timber is now a very 
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scarce item in solid timber. It is doubt- 
ful if the Navy of a century ago would 
be able to meet its needs from the stands 
of solid timber now available. Happily, 
since the advent of glued laminated 
construction, we are able to furnish from 
our depleting forests, “shop grown” tim- 
ber superior in every way to solid tim- 
bers. These are available for aprons, 
deck beams, binding strakes, booms, 
capping, deadwood, frames, horn or 
counter timbers, keels, keelsons, knees, 
mast stepping, risers, shaft logs, side 
fenders, stems, stern-posts, strakes, 
stringers, towposts, transoms, decking, 
bulwark stringers, ladder rails, gun 
platforms, gangplanks, and a multitude 
of other applications of which our sea- 
going forbears never dreamed. These 
“shop grown” timbers are, contrary to 
general belief, not only stronger but far 
more durable than solid wood. 

The significant increases in strength 
and durability found in exhaustive test- 
ing of glued laminated timbers, by the 
Forest Products Laboratory and other 
responsible and unbiased agencies, is 
directly traceable to close and selective 
stress-grading, alternation and stagger- 
ing of grain slopes for maximum stress 
dispersal, culling of laminae showing 
knots or other strength-affecting defects, 
and development of adhesives stronger 
than the with-grain shearing strength 
of the wood. Considerable advances in 
the chemistry of glues and synthetic 
resin adhesives have been accomplished 
since its publication, but basic informa- 
tion-on use-properties of over 100 com- 
pounds then available is contained in 
Reference 1. Application and curing 
methods have been revolutionized since 
publication of that comprehensive and 
valuable work by the development of 
high-frequency electrical apparatus 
which secures almost instant setting of 
glue lines. Values given in Chapter 7 
of the subject reference for increases in 
design stresses are extremely conserva- 
tive. Present design practice is con- 
cisely set forth in Reference 2, though 


| 


it should be noted that basic stress values 
given therein are based upon static load- 
ings, and should be modified for appli- 
cation to any dynamic or impact uses 
as commonly encountered in maritime 
work. Particular consideration should 
be given connections and fastenings of 
metal since maximum stresses usually 
occur at such points of transferal, and 
it should be borne in mind that impact 
stress will be sustained almost wholly 
by the least resilient material with con- 
sequent overstress thereof. 

The uses mentioned above are but a 
fraction of the possible adaptions to 
naval construction of this versatile and 
easily procured material. While eclipsed 
by the lighter metals as basic structural 
material for aircraft; proof of its utility 


‘for such application was demonstrated 


forcibly by Howard Hughes in success- 
fully flying his mammoth plywood sea- 
plane. Present dimensional trends for 
larger aircraft indicate that the struc- 
tural economy of the glued laminated 
parabolic arch may well be further ap- 
plied in hangar construction. Cost, as 
well as weight, is appreciably less than 
steel. Strength-weight ratio of any struc- 
tural material should be an important 
evaluation factor, particularly when con- 
sidered from the standpoint of naval 
air logistics. Glued laminated members, 
prefabricated to exact requirements, 
compare favorably with other materials 
to an extent not generally realized, hav- 
ing more than 10 percent of the strength 
of steel and 7% percent of its weight. 
Arch spans of well over 200 feet are 
entirely practical and, since thrust 
rather than moment is usually govern- 
ing for the parabolic form, fabrication 
in segments for ease of transport may 
be employed. This form of structure, 
particularly with a “stressed skin” 
sheathing, has the added advantage of 
having more evenly distributed stresses 
under wind pressure; an important con- 
sideration wher. designing for typhoon 
or “williwaw” areas. Simplicity of erec- 
tion of prefabricated glulam elements 
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GLUED LAMINATED TIMBER 


by unspecialized labor is also a definite 
advantage in remote areas. The erection 
difficulties encountered by Construction 
Battalions with light-gage steel frames 
and corrosion problems. later encoun- 
tered by maintenance forces are mini- 
mized in glulam construction. 

Dredge spuds, range markers, spar 
buoys, boat booms and similar gear ad- 
mits of economical fabrication with 
greater strength and durability through 
use of glued laminated timber. Prior 
difficulties with delamination have been 
solved with developments in adhesives 
which are entirely waterproof and ap- 
plied on continuous glue lines bonded 
by passage through a high-frequency 
electrical field, which has replaced the 
bulky and time-consuming curing cham- 
bers formerly used. Informative reviews 
of allied uses for maritime purposes and 
data on experimentation under Navy 
exploratory contracts are ably and con- 
cisely reported by Verne Ketchum, a 
civil member of the Society, and C. D. 
Dosker in Reference 3, which also con- 
tains a basic explanation of the high- 
frequency gluing process by P. D. Zottu. 

Douglas-fir is more extensively used 
for maritime purposes than any other 
wood and is the only material used in 
the major fabricating plants of the 
Pacific Coast. For those designers con- 
fronted with the problem of design in 
other American woods, Reference 4 


will be found to contain full data on 
structural properties of practically all 
woods indigenous to the United States, 
together with details for simple and 
effective test methods which might be 
easily applied to specimens of foreign 
woods on which such data might be 
sought. Experiments at an eastern col- 
lege of forestry have gone into the 
advisability of combining species in a 
single member with surprising results. 
The field for further experiments in 
both materials and technique is broad, 
varied, and certain of beneficial results. 

The unprecedented expansion of naval 
technical activity during the past decade 
makes it imperative that all engineers 
examine their experience objectively for 
possible summations of information 
which, for the good of the Service, 
might well receive emphasis and re- 
view. That thought has guided the 
preparation. of the foregoing and no 
claim for originality can be made. What- 
ever of that quality exists derives from 
study of the References cited and other 
of abundant sources. The aim has been 
only to outline beneficial and practical 
uses for an abundant and economical 
material with due emphasis on recent 
improvements in design and fabrication 
techniques. Basic design data for the 
uses set forth can be found in the 
References and other sources noted 
therein. 
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PART TWO 


REPRINTED ARTICLES 


The articles contained in this Part Two represent those which, 
in the opinion of the editorial staff, are the most valuable which 
have been gleaned from recent issues of contemporary publications. 


This material was formerly published under the heading 
“NOTES”. It has been given somewhat more prominence and 
made more readable to enhance its value. The editors’ purpose 
here is to provide a convenient repository to readers of the 
JourNAL, for articles originally published elsewhere which con- 
tribute to the purpose of the Society: to further the advancement 
of naval engineering. 
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Official Department of Defense Photo 


USS Missouri (stern view) which ran aground in Thimble Shoals in Hampton Roads, 
Virginia, is shown with fleet and harbor tugs alongside and aft during one of the four 
attempted “pull off” operations, which failed to move the 45,000-ton ship from the sand 
bar. After dredging alongside and astern toward the main channel, and aided by a 
northeast high tide, tugs 2nd winches, the Missouri broke her bonds during the fifth try. 
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THE IMPORTANCE OF 
OUR MERCHANT FLEET 
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In every war American tactics have 
been to carry the fight to the enemy. 
From discussions which have taken 
place recently with respect to the Ameri- 
can Merchant Marine, it would appear 
that this cardinal principle of carrying 
the fight to the enemy may be in danger 
of abandonment. Statements have been 
made that it is not necessary for this 
country to maintain an adequate Mer- 
chant Marine. The only reasons given to 
back up these statements are, first, that 
it costs us too much to build and operate 
ships and, second, in the event of another 
emergency, we can depend upon our Al- 
lies to furnish the ships for carrying our 
war supplies. Statements such as these 
are extremely fallacious, and they do not 
indicate a basic understanding of the 
factors which have made this country 
invincible in past military efforts. In 
addition to the lesson which we should 
have learned following World War I, 
the tragedy of Pearl Harbor served to 
emphasize most strongly the need of this 
country for combat and merchant ships. 


We literally rode to victory on the mer- 
chant ships that were produced in World 
War II after strong Allies gave our 
country a chance to mobilize its indus- 
trial potential and its capacity for build- 
ing ships. We have no assurance that in 
the next emergency we will have strong 
Allies to hold back an enemy while we 
prepare ourselves; nor have we any as- 
surance that our Allies will be nations 
who are strong in sea power. It would 
seem that with the lessons of two World 
Wars relatively fresh in our minds no 
writer should have to argue regarding 
the necessity of our having a strong 
Merchant Marine as a vital element in 
our military strategy and logistics ; with- 
out which none of our Armed Services 
can be readily effective. That one reason 
alone should be sufficient to convince 
anyone in authority that this nation 
should take whatever action is necessary 
to insure that our Merchant Marine can 
be built up and operated under private 
ownership and management in peacetime. 
This can be done only by substantial help 
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from the Government in the form of 
subsidies ; but it is not just, nor does it 
show a proper understanding of the 
problem, to condemn these subsidies sim- 
ply because they involve Government 
assistance. Actually, the Merchant Ma- 
rine Act, which provides for subsidies in 
the construction and operation of mer- 
chant vessels, might well be reduced to 
the simple word “parity,” because the 
Act, through the so-called subsidy, only 
provides American ship builders and 
ship operators equality of opportunity 
with foreign-flag competitors. 

Criticism which may be leveled at the 
subsidy principle is not valid because, in 
simple words, it is unthinkable that we 
should place ourselves in a_ position 
where in times of emergency, we shall 
have to depend upon other nations to 
furnish our carrying capacity. In addi- 
tion to our not knowing whom our Allies 
may be in a new emergency, it should 
also be pointed out that in World War 
II there was no nation or combination of 
nations which could have furnished all 
the tonnage we found was needed. A 
powerful nation like ours cannot afford 
to depend upon our Allies for sea trans- 
port, because if we do, we are likely to 
find ourselves in a position where we can- 
not develop and deliver the tremendous 
industrial potential which this country 
possesses. We must be able to implement 
our own military and naval efforts 
promptly, when the emergency arises, 
and not be forced to depend on some 
combination of Allies to furnish help in 
the way of ships, if we are going to con- 
tinue our time-honored principle of car- 
rying the war to our enemy and fight it 
to a successful conclusion in his territory. 
I frankly cannot understand the attitude 
of any agency in the Government which 
directly or indirectly advocates that a 
Merchant Marine under the United 
States flag is unnecessary to our national 
security. Actually, the survival of 
American shipbuilding and the mainte- 
nance of a strong and adequate Mer- 
chant Marine is an essential element in 


our national security which is second 
to no other. 

The lesson to be learned from our 
two world wars should be abundantly 
clear, that if this nation ever again be- 
comes embroiled in world-wide conflict, 
powerful military and air forces alone 
will not be sufficient. If we wish to 
continue to pick the location of the 
fight, it is absolutely necessary that we 
maintain and operate a great armada 
of cargo and transport ships with the 
shipbuilding facilities for creating more 
if an international crisis should so de- 
mand. As a nation, we fervently hope 
for continued peace, but we must not 
be so naive as to assume that peace can 
be assured by hoping for it. We must 
take a much more realistic view and 
determine to keep ourselves strong and 
ready for any eventuality if we should 
again become the victim of an aggressor 
nation. If we keep ouselves at the 
proper strength, we will discourage any 
ideas of conquest that an aggressor 
might have, because no nation enters 
into a war when she thinks she does 
not have more than an even chance of 
winning. 

The Navy amply proved in World 
War II that it was both daring and 
courageous. Even when we were out- 
numbered in the Pacific, we struck some 
of our most vicious blows at the Jap 
Navy, which were instrumental in turn- 
ing the tide of war and in opening up 
the paths to ultimate victory. Our new 
combat ships had greater speeds and 
longer cruising radii than the Japs be- 
lieved possible. They could not under- 
stand our capacity to remain in con- 
tinuous active service over such long 
periods of time. They could not match 
our performance in either operation or 
building of ships, and it must be re- 
corded to the everlasting credit of the 
shipbuilding industry that it produced 
a Navy and a Merchant Fleet which 
gave the Japs a definite impression that 
our sea power was many times stronger 
than it was in reality. Every invasion, 
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every victory, stemmed from ships, and 
from what these ships were able to 
carry, and from what these ships were 
able to do in destroying the enemy con- 
trol of the sea. 

We do not know definitely what 
form future wars may take. With the 
advent of the atomic age and the de- 
velopment of guided missiles, we have 
to speculate somewhat as to the types 
of weapons that may be used against us 
in the future. But we can be sure of 
one point: we know that should an- 
other war come, whether it be fought 
with guided missiles or atomic weapons, 
or with some new air-borne device not 
yet conceived, we will need sea-going 
vessels—and lots of them—if we are 
going to fight in the territory of the 
enemy. During the latter part of World 
War II, much of our fighting was done 
by far-reaching Navy ships and with 
long-range bombers. This situation, 
however, did not reduce the need for 
cargo and transport vessels. On the 
contrary, as we threw more and more 
of our strength at Germany and Japan, 
the demand for carrying tonnage great- 
ly increased. Some scientists like to in- 
fer that the next war may be a “push- 
button” affair, which conceivably might 
be concluded in thirty minutes, if we 
have the right assortment of weapons. 
Should this fantastic development be 
realized, the conquest would still have 
to be followed up with troops and sup- 
plies, and we cannot foresee an age 
when sea-going vessels can be sup- 
planted by more reliable and economi- 
cal methods of transporting vast quan- 
tities of supplies across the oceans of 
the world. 

Expanded fighting fronts, whether 
they be air bases, naval bases, or mili- 
tary bases, when they are thousands of 
miles from our shores, automatically set 
up a demand for more and more trans- 
port and cargo tonnage. Every fighting 
man sent overseas requires an initial 
shipment of about five tons of organi- 
zation equipment, and he then requires 
approximately an additional ton per 
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month to maintain him abroad. When 
you have over five million troops over- 
seas, the logistic demands are tremen- 
dous. In the past, given time, our Ameri- 
can shipyards met the challenge, but we 
must be sure that in the next emer- 
gency we either have these ships in 
being, backed by the facilities for rapid 
expansion; or we have the assurance 
that ample time will again be available. 
The latter alternative we cannot guar- 
antee; so it would appear that the 
course of wisdom indicates that we have 
the ships either in operation or in re- 
serve. 

The conclusion, then, is unavoidable, 
because no matter what types of weap- 
ons we adopt, or what security pro- 
gram this nation follows, we cannot 
neglect our Merchant Marine. Our 
transport and cargo ships are just as 
much an integral part of our national 
security as any of our Armed Forces. 
Our private shipbuilding industry must 
be kept healthy and active during the 
peacetime years if we are to expect it 
to be able to meet the unusual demands 


‘of another national emergency. The 


United States has taken its place as a 
world maritime power and from the 
standpoint of national security alone, we 
cannot afford to relinquish that posi- 
tion. It is essential that we take steps 
to insure that merchant vessels, flying 
the Stars and Stripes, continue to navi- 
gate the oceans of the world and to 
participate in international trade. It is 
a must that we put the Merchant Ma- 
rine on a good sound operating basis 
with inducements to the ship operators 
to build new ships more suited to the 
needs of commerce and war than some 
of the present tonnage. If this result 
could be achieved, it would assure the 
continuance of a shipbuilding and a ship 
repair industry which is a vital part of 
an adequate and successful Merchant 
Marine. It is inconceivable that the 
shipbuilding and ship repairing indus- 
try should be allowed to wither and dis- 
sipate its skilled men to other industries, 
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because such a result would face us 
with the desperate necessity for again 
reorganizing in the event of emergency. 
When a nation ceases to be interested 
in being a maritime power, it takes its 
first step in destroying a vital element 
in sea power, and I believe that history 
has amply demonstrated time and again 
that no world power has been able to 
continue without a proper appreciation 
of the importance of sea power. It has 
been truly stated that military, naval, 


and air power are all seriously circum- 
scribed without a strong supporting 
Merchant Marine, to say nothing of the 
fact that world trade cannot be devel- 
oped and maintained without it. 

We must support a strong Merchant 
Marine because it is a vital element in 
our national security; and the subsidies 
necessary to insure parity with foreign 
competition for our American ship 
builders and ship operators mean money 
well spent. 
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Introduction. Rotary oil seals with 
the packings now available do not pre- 
sent much practical difficulty at slow 
and intermittent speeds even where high 
pressures are involved, but at high 
speeds wear and heat due to friction 
become important factors. 

Customary types of stuffing boxes can 
be manually adjusted when excessive 
leakage occurs, but many types of non- 
adjustable or automatically adjustable 
shaft seal are now used; there is little 
information available concerning the life 
of the latter which may be expected 
before the leakage becomes such that 
replacement is necessary. Standardized 
life tests under laboratory conditions 
would be of great value not only in 
comparing one type of seal with another 
but in estimating the probable life under 
practical working conditions. 

The life will in many cases be affected 
by vibration due to shaft eccentricity, 
shaft deflection and wear of the journal 
bearings, and by wear caused by the 
abrasiveness of the dirt in the liquid. 


RoTARY AND OSCILLATING SEALS 


BY T. E, BEACHAM, B.SC. (ENG.), M.I.MECH.E. 


It should, however, be possible to allow 
for these factors and use standard life 
test results with an appropriate factor 
of safety. 


To obtain reliable results for any par- 
ticular type of seal under given condi- 
tions it would be necessary to test a 
number of seals and plot a curve as 
shown in Fig. 1. The minimum life ex- 
pectancy of any proportion of the seals 
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Fig. 1. Typical Shaft-seal Life Curve 


An alphabetical list of references and bibliography is given in the Appendix. 


631 


E 
° 20 


HYDRAULIC SEALS 


can be taken from the curve; for exam- 
ple, m would be the minimum life ex- 
pectancy for 90 percent of the seals and 
l for 50 percent of the seals. If the 
curve is plotted up to the 100 percent 
failure point, then the mean height h of 
the whole curve will give the true aver- 
age life. 

There is no generally accepted stand- 
ard as to the amount of gland leakage 
that can be tolerated. In many cases a 
considerable leakage may not affect the 
operation of the plant, but with a moder- 
ate rate of loss, oil is apt to form an 
unsightly pool and a limit has to be im- 
posed by considerations of cleanliness. 
In other cases, however, where a limited 
amount of liquid is involved—for exam- 
ple, in hydraulic couplings—it is im- 
portant to have the minimum amount of 
leakage. 

The standard of 10 cu. cm. per hour 
leakage laid down for British aircraft 
pumps is reasonable for small high- 
speed pumps where the practical limita- 
tion is one of cleanliness. On the other 
hand, United States Navy specifications, 
for some purposes, give a gland leakage 
of one drop in fifteen minutes, which is 
equivalent to approximately % cu. cm. 
per hour. 

Soft Packings. Soft packings of or- 
ganic material such as hemp, cotton, 
and flax are often less effective with 
oil than with water, as oil tends to 
dissolve the fatty substances with which 
these packings are commonly impreg- 
nated. Moreover, the fibers of such ma- 
terial swell with water and tend to 
make the mass of material impervious, 
whereas oil has a dehydrating effect and 
the reverse action takes place. 

Asbestos is organic and not affected 
by water in this way, but the fibers are 
weak and brittle and as a rule this ma- 
terial needs to be strengthened by the 
addition of a proportion of organic fi- 
bers. 

Fig. 4a is not shown as a typical 
stuffing box but is of interest on account 
of the hardened bush used and the 


limited space available. The gland was 
fitted between two sections of a duplex 
gear pump arranged to operate two air- 
craft gun turrets. The pressure differ- 
ence varied from zero to a maximum of 
15 Ib. per sq. in. The shaft bush was of 
nitrided steel running at a maximum 
surface speed of 800 ft. per min. A 
moulded asbestos packing was used orig- 
inally but it disintegrated after a few 
hours running, and was replaced by as- 
bestos plaited round a white metal wire, 
wound into a spiral and compressed to 
the stuffing-box dimensions; this gave 
satisfactory results. The packing be- 
came progressively looser with use, ap- 
parently due to fibers being broken up 
by contact with the shaft and then 
washed out by the liquid, but it re- 
mained serviceable without adjustment 
for the periods between pump overhauls, 
until the gland could be tightened up. 
Wear on the surface of the shaft bush 
was negligible. Hardened shafts are 
sometimes used in industrial pumps to 
prevent wear by the gland packing, and 
in some cases shaft sleeves of Stellite 
are used. 

Leather Seals. Leathers, even of the 
chrome tanned variety, deteriorate with 
time when they are in contact with 
mineral oil, especially when hot. A cer- 
tain amount of leakage through the 
pores of the leather takes place under 
pressure but the material will prevent 
ingress of air under slight vacuum, ap- 
parently by a capillary effect. Leather 
seals cause less shaft wear than any 
other type of seal. 

Fig. 4c shows a spring-loaded hat 
leather used as the outer seal in an 
engine-driven aircraft pump; its func- 
tion is to act as a seal between the en- 
gine crankcase and the atmosphere. The 
initial contact is provided by an axial 
spring which presses the leather to the 
shaft by means of a conical washer ; in 
other types of seal, garter springs are 
often used. 

Rubber and Synthetic Rubber Seals. 
Minimum leakage can only be achieved 
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with seals of impervious materials such 
as rubber, cork, metal and carbon. Rub- 
ber and synthetic rubber are the most 
effective materials for preventing seep- 
age of oil through a moving joint, and 
for rotary seals having slow or inter- 
mittent movements rubber is the ideal 
material. Synthetic rubber is now usu- 
ally employed with mineral oils to obvi- 
ate their swelling and deteriorating 
effect on natural rubber. In the remain- 
der of the paper the term “rubber” is 
used to include synthetic rubber. 

Fig. 2 illustrates a number of seals 
using moulded rubber packings of vari- 
ous forms for slow and intermittent rota- 
tion such as occur with valve spindles. 

Fig. 2a shows the S.E.A. ring which 
is made of several layers of fabric im- 
pregnated and bonded with rubber and 
moulded to shape. This packing was 
introduced nearly forty years ago, and 


was the first effectively to prevent oil 
seepage through a moving joint. Two or 
more rings can be used in series, and 
normal methods of gland adjustment can 
be used; where one ring only is used it 
is desirable to use a turn of soft pack- 
ing or a moulded ring of semi-circular 
section to provide initial contact be- 
tween the lip and the shaft. 

Fig. 2b shows the chevron type of 
packing ; the two end chevrons are some- 
times used without the intermediate 
ones. 


There are many other forms ot 
moulded packing, of solid rubber or 
impregnated fabric, which give satis- 
factory results. 

Figs. 2c and 2d illustrate the use of 
square- and O-section rings respectively. 
There is no adjustment for wear ex- 
cept that provided by the initial com- 
pression of the rings themselves, and 
they are mainly used for occasional 
movements. 


For high-speed shafts a rubber seal 
tends to prevent oil penetrating between 
the shaft and the rubber surface in con- 
tact with it, thus causing high coefficient 
of friction, with excessive heat and 
wear. 


There is a striking difference be- 
tween the friction of leather and rub- 
ber under these conditions. Experimental 
results which have so far been published 
have not given much information on the 
subject probably because they refer to 
low speeds and surfaces having a limited 
length in the direction of motion. The 
effect of temperature on the friction of 
rubber is also a matter on which more 
information is desired. 


Fig. 3a shows an early design of rub- 
ber seal, of similar section to the hat 
leather previously mentioned. The seal 
gave good results at an intermittent sur- 
face speed of 50 ft. per min., but at a 
continuous speed of 400 ft. per min. with 
a small interference between. the shaft 
and the bore of the packing, the local 
heat developed was sufficient to blue the 
shaft which soon became heavily scored. 
Fig. 4a shows a gland separating pumps, 
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and Fig. 4c an engine crankcase seal 
(hat leather). 


The spring-loaded chevron packing 
(Fig. 4b) was used successfully as a 
shaft seal on many aircraft pumps. The 
chevrons were originally made from 
fabric impregnated with synthetic rub- 
ber but these were insufficiently pliable 
and were subsequently replaced by chev- 
rons of solid synthetic rubber. The inter- 
ference fit necessary to give satisfac- 
tory results was extremely critical and 
there was a certain amount of difficulty 
in moulding the chevrons to the required 
limits. The shaft was provided with a 
sleeve of nitrided steel which was very 
hard, to resist wear; and did not soften 
at the surface when subjected to occa- 
sional overheating, in the same way as 
case-hardened shafts. 

One solition-of the heating difficulty 
appears to be to make the contact area 
between rubber and shaft extremely nar- 
row; seals of the type shown in Fig. 3b 
are now in common use for small pres- 
sures. This type of seal is simple, easily 
fitted, and occupies but little end room; 
the interference fit between seal and 
shaft is much less critical than with the 
chevrons, and the garter spring is used 
to provide some initial contact pressure 
in addition to that due to the fit. For 
many applications this seal gives good 
results with soft shafts. In other cases, 
however, particularly with thin oil con- 
taining abrasive matter, a certain amount 
of shaft wear occurs and it is advisable 
to use renewable, hardened shaft bushes. 

Fig. 3c shows a compact form of this 
seal with twin lips to form a seal against 
both pressure and vacuum. This was 


used on many of the later aircraft pumps 
in place of the chevron packing. 

The relative advantage of hard and 
soft shafts, the correct hardness for the 
rubber, the optimum surface finish of 
the shaft, the life expectancy, and its 
variation with the pressure on the seal, 
are matters on which information is 
required. 


Cork Seals. Fig. 5a shows a spring- 


loaded stuffing box filled with virgin 
cork, used for the shaft of a petrol pump. 


For this purpose cork seals have now 
been largely superseded by carbon face 
seals. Fig. 5b shows a plain cork bush 
which has been very successful against 
low pressures, fer certain oil pumps. In 
this case the seal is made of granulated 
cork impregnated with synthetic rubber 
and the bore ground to give the requi- 
site interference fit on the shaft. In the 
pump for which this seal is most used, 
the shaft is not subject to any journal 
load but is used only to transmit torque. 

Metal-to-metal and Metal-to-carbon 
Seals. Gronau (1936), gives details of 
a number of types of metal packing 


which can be used in stuffing boxes and 


adjusted in the ordinary way. The re- 
cent tendency is, however, to use con- 
structions for metal and other rigid 
materials in which their rigidity is an 
advantage and not a difficulty to be 
overcome. 

Journal Seals. A metal-to-metal seal, 
consisting of a bronze sleeve tapering 
to an edge with the bearing area on the 


634 


mn 

UN WY 
KC WF Wy 
6 
Fig. 5. Cork Shaft-seals 


now 
1 face 
bush 
yainst 
ps. In 
ulated 
ubber 
requi- 
n the 
used, 
urnal 
orque. 
arbon 
ils of 
cking 
and 
le re- 
con- 
rigid 
is an 
to be 


seal, 
ering 
the 


HYDRAULIC SEALS 


shaft reduced almost to a line, has given 
promising results but so far as the au- 
thor is aware has not been used much 
in practice. Like the rubber seal in Fig. 
3b, the bronze sleeve has a slight inter- 
ference fit on the shaft. 

Packings composed of split rings of 
metal or carbon surrounding the shaft 
and pressed against it by garter springs 
(Fig. 6a), although used for other pur- 
poses, do not seem to be favored for 
shaft seals for oil. 


Fig. 6b shows a seal composed of two 
split carbon or plastic rings embedded 
in a rubber matrix. This is a recent 
development which combines to some 
extent the advantages of both rubber and 
metal-to-metal seals, as it avoids the 
heating difficulties of the former and 
yet is simple and easy to fit. The sec- 
tion of the ring is designed so that pres- 
sure from the interference fit is uni- 
formly distributed, and the gaps in the 
rings are diametrically opposite each 
other ; the rubber is moulded around the 
rings and prevents the leakage of liquid 
passing from one gap to the other. At 


Fig. 6. Metal and Carbon Journal Seals 
@ Split carbon ring. 6 “Jaru’’ shaft seal. 


zero pressure the rings and shaft are in 
contact by virtue of the small interfer- 
ence between the shaft diameter and the 
bore of the rings. Any liquid pressure 
on the seal is transmitted through the 
rubber to increase the pressure exerted 
on the shaft, and thus the rings are 
enabled to maintain contact and prevent 
leakage. 


The designer stresses the advantage 
of a highly polished surface for the 


shaft and advocates the use of a shaft 
sleeve if it is impracticable to super- 
finish the shaft itself. 

Face Seals. Face seals probably offer 
the greatest possibilities for use with 
high-speed shafts. They are suitable for 
particularly difficult sealing problems, 
such as occur at the crankshafts of 
refrigerating compressors where it is 
necessary to prevent the escape of noxi- 
ous gases under pressure, and the shaft 
seals of fluid couplings, where a limited 
amount of paraffin or light oil has to 
be retained without undue loss. 

The rubbing speed is higher with face 
seals than with journal seals, but, with 
the former, both wearing faces are in- 
dependent of the shaft and are formed 
on minor parts which can be readily 
renewed, although, of course, in common 
with most of the newer types of shaft 
seal, the replacement parts have to be 
threaded over the end of the shaft. It is 
claimed that face seals can be designed 
so that the sealing is unaffected by sub- 
stantial misalignment of the opposing 
faces, or by a limited amount of shaft 
eccentricity, and that they can be ar- 
ranged so that the faces are not dam- 
aged by abrasive particles in the liquid, 
and that they can seal pressures up to 
some 300 Ib. per sq. in. 

There has been considerable detail 
development in the construction of seals 
of this type; Fig. 7 shows only a few 
of the various types which are in use. 

One face usually consists of a bronze 
or carbon ring and the other face may 
be of hardened steel, mechanite, cast 
iron or bronze, Carbon rings are more 
suitable for liquids of low lubricating 
value, such as water, petrol, paraffin and 
light oils. For heavier oils bronze rings 
are favored, but many varieties of car- 
bon and carbon-metal mixtures are now 
available and their use for seals is ex- 
tending; the advantage claimed for car- 
bon is that it develops a hard polished 
surface with a low rate of wear. 

One of the sealing faces must be able 
to move axially ; Fig. 7a!shows a simple 
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type in which a bronze ring A is at- 
tached to the casing, the mating ele- 
ment B being of hardened steel. The 
latter can slide along the shaft, the ini- 
tial contact being made by the spring C. 
To prevent leakage between B and the 
shaft a rubber seal D is used. This and 
similar types are largely used for small 
refrigerators and industrial oil pumps. 
Twin seals acting in opposite directions 
are often used to deal with both pres- 
sure and vacuum but when two seals are 
used in this way the cooling and lubri- 
cating of the outer one has to be con- 
sidered. The friction between the ring D 
and the shaft will increase or diminish 
the effective force of the spring and in 
some cases this friction will impair the 
efficiency of the seal. In the aircraft 
pump seal (Fig. 7b), an O-section ring 
is used which offers less friction than 
that of rectangular-section rings; the 
element B is driven by dogs while the 
fixed ring A is not made a tight fit in 
the casing but is bedded on to another 
O-section ring. 

Another construction which has been 
much used in aircraft pumps is shown 
in Fig. 7c where the drive is taken 
through an Oldham coupling. Faces are 
formed on two sections of the coupling 
and these are forced against the fixed 
rings A,, A,, by the spring C. This use 
of an Oldham coupling not only elimi- 
nates the objectionable axial friction 
previously mentioned but also provides a 
drive for the rotating faces. The rotat- 
ing faces were of nitrided steel and the 
fixed rings were made of a carbon-metal 
mixture, and the arrangement formed 
the double seal of an engine-driven fuel 
pump running at approximately engine 
speed; the seal was effective with avia- 
tion petrol at pressures up to 20 Ib. per 
sq. in. 

In many applications the adjustable 
face is mounted on metal bellows which 
provide frictionless axial movement and 
transmit the torque due to the seal fric- 
tion; the bellows make the necessary 
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joint between the adjustable face and 
the shaft or casing. 


Fig. 7d shows an arrangement in com- 
mon use for many types of refrigerating 
compressors; the preferred mating sur- 
faces, when ample oil is available for 
lubrication, are nitrided steel and bronze. 


Fig. 7e shows a variation of the pre- 
vious arrangement in which a carbon 
seal ring is free to float between two 
mating faces. This construction is used 
for fluid couplings and sometimes both 
mating faces are mounted on bellows. It 
contains no rubber and this is an ad- 
vantage at high temperatures (Ruhl 
1948). 


Synthetic rubber is an alternative ma- 
terial for the bellows, and its use should 
obviate difficulties due to crystallization 
of the metal under vibration. In Fig. 7f 
the rubber bellows are not used to trans- 
mit the torque to the adjustable face 
which is driven by the splines S. The 
mating face is resiliently mounted on a 
rubber ring E. 


Figs. 7h and j show the adjustable 
rings mounted on rubber and metal 
diaphragms respectively. These arrange- 
ments take up less end room than the 
others shown, and are an advantage in 
many cases where a long seal cannot be 
accommodated without lengthening the 
whole assembly, Fig. 7k shows a seal 
which is exceptionally compact, where 
one mating surface is formed on the 
metal diaphragm itself. This seal is used 
on traction types of hydraulic coupling 
where the relative rotation is only that 
due to the slip of the coupling. 


The softer materials (rubber, cork, 
etc.) tend to flow under pressure and 
behave as imperfect fluids, so that the 
internal pressure normal to the surface 
is equal to or greater than the liquid 
pressure trying to escape. Carbon and 
metal surfaces are substantially rigid 
under ordinary conditions and it is pos- 
sible for the pressure between the faces 
to be less than the pressure of the liquid 
being sealed. With metal bellows it is 
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usual to arrange the diameter and an- 
chorage of the bellows so that any pres- 
sure that the liquid can exert on the 
seal will be partially balanced. Fig. 7g 
shows how the partial balance may be 
carried out with rubber bellows; the 
bellows are anchored on a diameter L 
which is greater than the inner diameter 
M of the sealing face, and thus the 
effective area.on which the liquid pres- 
sure is exerted is less than the contact 
area of the seal face. 

When a diaphragm is used, the effec- 
tive area on which the liquid pressure 
can operate is considerably greater than 
in the case of bellows. Fig. 77 shows how 
an effective pressure balance can be ob- 
tained ; the seal is used for refrigerating 
compressors where the crankcase pres- 
sure may vary from a negative value to 
over 100 Ib. per sq. in. Under. vacuum 
the diaphragm is sucked in (i.e., to the 


Working Conditions. The liquid pres- 
sures that reciprocating seals are sub- 
jected to are usually considerably higher 
than those encountered by rotary seals, 
and range from 500 to 10,000 Ib. per 
sq. in. The seals are usually subjected 
to two conditions of pressure: full pres- 
sure and slack pressure. The rubbing 
speeds for reciprocating seals are lower 
than those for rotary seals: at a pres- 
sure up to 500 lb. per sq. in. the ap- 
proach stroke of a press ram seldom 
exceeds 1 ft. per sec., and the pressing 
speed at pressures up to 10,000 Ib. per 
sq. in. seldom exceeds 3 in. per sec., and 
is often less than 4 in. per sec. 

The “swept area” of a reciprocating 
seal is usually very large: for a gland 
seal it is equal to the circumference of 
the ram multiplied by the stroke, and 
for a piston seal it is the circumference 
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right in Fig. 7j) and the negative pres- 
sure over the whole effective area may 
be sustained by the seal face G. Under 
positive pressure the diaphragm is 
pressed outward until it bears against 
the circular fulcrum F which divides the 
effective area and is so positioned that 
approximate balance is obtained with a 
small resultant pressure increasing the 
pressure between the mating faces. 
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of the cylinder bore multiplied by the 
stroke. Thus, the considerable friction 
which may be generated at high pres- 
sures is dissipated in the form of heat 
over a large area of wetted surface. 

Continuous reciprocation is unusual 
except with hydraulic pumps, and even 
then there is usually some period of rest, 
at night or over a weekend. The recipro- 
cating seal is subjected to reversal at 
each end of the stroke, the motion is 
usually intermittent, and the seal may be 
at rest for considerable periods either 
under full or slack pressure. 

The viscosity, lubricity and chemical 
reactions of the liquid to be sealed— 
which may be oil, water or acid, or a 
combination of the three—also have to 
be considered in the design of recipro- 
cating seals. In recent years the author’s 
experience has been largely confined to 
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the oil hydraulic system, and therefore 
much of the paper is devoted to oil 
seals. It can, however, be shown (Gro- 
nau 1936) that the behavior of any seal 
which is oil lubricated is very similar, 
if not identical, to that of an oil seal. 
Types of Seal. Reciprocating seals 
may be divided into: gland seals for pis- 
ton rods or press rams; piston seals, and 
packingless seals depending upon a lap 
fit between the piston and the bore. 
Hydraulic Packings and Sealing Ma- 
terials. Soft packings, such as hemp, 
which are packed into the stuffing box 
and squeezed into contact with the seal- 
ing surfaces by tightening up the gland 
ring, are very common for water pumps 
but are not recommended for oil hy- 
draulic systems because the packing is 
liable to disintegrate and get into the 
fine clearances of the pumps and valves. 
This is a crude method of sealing; the 
friction is excessive, and varies with the 
tightening of the gland ring. 


a 


Automatic packings, of the U-leather, 
“hat”-leather and “cup”-leather type 
(Fig. 8), made of oak-tanned and 
chrome-tanned leathers have proved 
highly satisfactory for water hydraulic 
presses, and have been in existence with 
little change of form ever since the hy- 
draulic press was invented in 1795. 
Chrome-tanned leathers are sometimes 
used with oil, but oak-tanned leathers 
are not suitable for use with mineral oil 
which tends to dissolve the natural fats 
in the leather and make it brittle, par- 
ticularly if the oil gets warm. 
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Fig. 9. Disadvantages of Round-bottom, U-shape Packings 
a Feather-edge support. 6 “Roll’’ of round-boctom packing. 


Fabricated packings, impregnated 
with synthetic or natural rubber, have 
largely replaced leathers for use with 
oil; these were first similar to the orig- 
inal leather packings shown in Fig. 8a, 
but as it was difficult to support the U- 
shape, see Fig. 9a, and there was also a 
tendency to roll, as illustrated in Fig. 
9b, the present practice, especially for 
synthetic rubber is to use the square bot- 
tom packing shown in Fig. 8d. The 
oblique angle of the packing shown in 
Fig. 8c is advantageous, as it tends to 
prevent the packing from being extruded 
down the ram clearance. The thin, 
tapered lip of these packings, shown in 
Fig. 8f, is likely to remain because it is 
so effective in holding slack pressure. 


It is essential that the curves and 
angles of the packing must be accurately 
produced in order that the packing may 
be effective; and it is difficult to ensure 
this unless both the packing and the 
backing ring are supplied by the packing 
manufacturer. The square-bottom, U- 
packing is the simplest to manufacture 
and fit, and is almost universally avail- 
able. The same applies to square-bottom 
‘hat” and “cup” packings, except that 
they are not liable to roll because they 
are tightly nipped on the flange. 


All automatic packings should be pro- 
vided with some type of spring-loaded 
spreader ring to hold the lips of the 
packings in contact with the sealing sur- 
face, and prevent leakage past the pack- 
ing when there is little or no pressure 
in the cylinder, and to prevent excessive 
leakage when full pressure is applied, 
until the lips have been opened out by 
the difference of pressure caused by the 
leakage. The spreader ring shown in 
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Fig. 10. Spring-loaded Spreader Ring 
a Correct position. 6 Incorrect position. 


Fig. 10a is not ideal because it is rigidly 
cylindrical, and may be effective on only 
one leg of the packing as indicated in 
Fig. 10b; a spring wedge of the form 
shown in Fig. 11 would be more effec- 
tive. Slack pressure is usually more diffi- 
cult to retain than full pressure, and 
considerable leakage may occur during 
periods when a press is not in operation. 

The friction of automatic packings, if 
properly fitted, is very low, and as fric- 
tion usually produces wear, this type of 
packing shbuld have a long working life. 


Chevron-type packings are a compro- 
mise between the soft packing and the 
automatic packing. The rings can be 
broken and wrapped round the ram in- 
stead of being threaded over it, but they 
have the disadvantage that they cause 
greater friction and wear; this is par- 
tially compensated as there is more than 
one packing ring to wear; but the rings 
also tend to wedge with high pressure, 
causing a great increase in friction. 

Cast-iron piston rings have been used 
successfully in America for pressures 
of 2000-3000 Ib. per sq. in., and in Eng- 


land for pressures. of 6000 Ib. per sq. in., 
but metal ring packings are only suit- 
able for use with oil. The friction may 
be greater than with automatic packings, 
but as the wearing surfaces are metal, 
the wear is almost negligible. Three to 
six rings are generally used, although 
the question arises as to how many rings 
are really effective, and the nature of 
the pressure built-up behind each ring. 

A combination of synthetic rubber 
and metal seems to have great possibili- 
ties: many rubber bonded rings are now 
being put on the market. 


Carbon piston rings have been used 
on air compressors, and it is possible 
that they may have some application as 
hydraulic seals. 

Synthetic rubber piston rings and O- 
rings may be classed as automatic pack- 
ings. The free outer diameter of the 
ring is greater than the bore of the 
cylinder so that, when fitted in the cyl- 
inder, the ring is in sufficient compres- 
sion to hold it in contact with the cylin- 
der bore. On small bore cylinders, up to 
6 inches in diameter, rectangular section 
rings, shown in Fig. 12, have proved 
satisfactory for pressures up to 6000 Ib. 
per sq. in.; these rings may have two or 
three years working life if the cylinder 
bore is internally ground. 

O-rings have been widely used on air- 
craft hydraulics in America because of 
their ease of assembly. They are suitable 
for pressures up to 1500 Ib. per sq. in., 
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Zero pressure. 500 Ib. per sq. in. 


and with the addition of backing rings, 
shown in Fig. 13, Hayman (1945) said 


Fig. 13. Leather Backing Rings 


that they were suitable for pressures up 
to 3000 Ib. per sq. in. Fig. 14 shows 
how O-rings tend to wear flat, and to 
twist; the same feature occurs with 
small square-section rings, which will 
make a complete turn in their groove, 
unless they are tightly nipped (White 
and Denny 1947). It is for this reason 
that a rectangular ring is preferred. 

The Mechanism of the Automatic Seal. 
White and Denny (1947) have demon- 
strated the mechanism of the automatic 
seal under static conditions; Fig. 15 
shows the stress distribution across the 
faces of a seal. The life of a packing 
largely depends upon the surface finish 
of the ram, rod, or cylinder bore, and 
upon the resistance to extrusion, and the 
latter depends upon the clearance be- 
tween the surfaces and the hardness of 
the material. 


Effect of Motion. The packing or seal 
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3,000 Ib. per sq. in. 


1,000 Ib. per sq. in. 
Fig. 14. The Twisting and Extrusion of O-rings with Increase of Pressure 


will behave differently according to the 
direction of movement, whether pump- 
ing or motoring. For instance, in a pump 
gland the ram moves inwards against 
pressure, so that the inward movement 
of the ram tends to oppose leakage and 
extrusion; in a hydraulic press gland, 
the press ram moves outwards under 
pressure, and the friction of the ram 
assists extrusion of the packing and the 
movement of the ram tends to assist 
leakage. With “chevron”-type and 
S.E.A gland packings, a pump ram tends 
to unwedge the packing on the pumping 
stroke, whereas a press ram tends to 
wedge the packing on the working 
stroke. 

The conditions are reversed for a pis- 
ton packing. Thus, with a piston pack- 
ing of a hydraulic press, the friction of 
the packing within the cylinder bore 
resists extrusion on the working stroke, 
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Fig. 15. Stress Distribution across the Faces of a Seal 
Crown copyright reserved. 


it- X > 
il, O-RING 
of XS 
: 
Vv 
d 
LEATHER BACKING RINGS 
| NN 
|| 


HYDRAULIC SEALS 


and in a piston packing of a pump, the 
friction between the packing and the 
cylinder bore assists extrusion on the 
delivery stroke. 

Synthetic Rubber. The term “syn- 
thetic rubber” covers a material having 
widely varying properties such as hard- 
ness, resilience, cold flow, aging, etc.; 
these properties vary with the tempera- 
ture, pressure, and nature of the liquid 
being sealed. 

Packaging of Synthetic Rubber Seals. 
McCuiston, Clark, Clark and Cheyney 
(1948) have reported that the “pre- 
aging” of packings in hydraulic fluid 
‘gave much more consistent results than 
packings that had not been “aged,” or 
those which had been subjected to a 
variable amount of air aging.. They sug- 
gested that the packing should be soaked 
in hydraulic oil, wrapped in cellophane, 

’ pliofilm or aluminum foil and packaged 
in a suitable container, the latter to be 
stamped with the appropriate identifica- 
tion and date of manufacture. 

Friction and Wear. The static fric- 
tion increases with time (see Fig. 16) 
and the rate of increase will be depend- 
ent on the following conditions :— 

(a) The physical relationship be- 
tween the surfaces: clearance, inter- 
ference, resilience and surface finish. 

(b) The chemical relationship be- 
tween the surfaces: some synthetic 
rubbers have a tendency to become 
bonded to certain metals. 

(c) The chemical and physical re- 
lationship between the fluid which is 
being sealed and the sealing surfaces ; 
oil and synthetic rubber may form a 
gummy compound resulting in adhe- 
sion. 

(d) The temperature and pressure, 
which will affect all the above condi- 
tions materially. 

As most reciprocating seals are sub- 
ject to intermittent movement, and are 
often at rest for considerable periods it 
seems reasonable to expect that, under 
normal working conditions, the static 
friction will have the greatest influence 
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Fig. 16. Increase in Static Friction with Time of Contact for 
Three Materials 
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on the life of a hydraulic seal. Some re- 
search workers have been inclined to 
relate the life of a seal to the kinetic 
friction and the number of continuous 
reciprocations; their results would be 
very different if they were to allow one 
hour to elapse between each stroke, mak- 
ing four reciprocations per day. The 
author maintains that continuous recip- 
rocation will give no true measure of 
the life of a hydraulic seal under normal 
working conditions because, when re- 
versal is instantaneous, the static fric- 
tion does not come into effect. It is 
probably the breaking of adhesion at the 
commencement of each stroke which 
causes most of the damage to the seal. 


The ideal conditions to ensure long 
life would be a low coefficient of fric- 
tion combined with a low rate of in- 
crease of static friction. Such conditions 
can be assessed in the laboratory in a 
matter of hours; whereas, to assess the 
life of a hydraulic seal by intermittent 
reciprocation, such as described above, 
would take months or even years. 

Novel types of Hydraulic Seals. Tt 
would be impossible to enumerate all 
the novel types of hydraulic seal which 
have been invented: one invented by 
J. H. F. Stewart is shown in Fig. 17. 
According to Stewart, the ideal seal 
should have a very narrow contact edge 
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Fig. 17. Seal Proposed by J.H. F. Stewart 


adjacent to the pressure, and this is 
achieved by causing the synthetic rub- 
ber to flow round a corner, as shown in 
Fig. 17b, so that the inside edge, which 
has the shortest distance to travel, is 
pressed most firmly against the surface 
of the piston. This type of seal is also 
being used with considerable success in 
America as a shaft seal for aircraft 
pumps; it is probably better known as a 
shaft seal than as a reciprocating seal. 
Its advantage is that it is caused to flow 
inwards, by fluid pressure augmented 
by a spring, so as to compensate for 
wear: it will do this even if the wear 
is greater at one part of the sealed 
circumference than at another. 
Packingless Pistons. The hydraulic 
seal depends upon a fine lap fit between 
cylinder and bore. Packingless pistons 
of comparatively small diameter—up to 


0-001" 


2 inches diameter—are suitable for pres- 
sures up to 10,000 Ib. per sq. in., the 
diametral clearance between piston and 
bore being about one micron per inch.* 
Larger pistons of conventional design 
are not practicable for higher pressures 
because the expansion of the cylinder 
under pressure becomes considerable. 
Variations of temperature are also a 
consideration when operating steel in 
steel with such fine clearances. The 
rate of leakage is not constant: there is 
a condition of ebb and flow, and there 
is usually a reduction of leakage with 
time. 

Packingless pistons are only suitable 
for use with oil, and the most common 
application is to packingless piston type 
control valves, and pumps. Packingless 
fuel pumps for paraffin and petrol at 
comparatively low pressures are widely 
used. 

Surface Finish. This is of great im- 
portance for packingless pistons subject 
to high pressure. Fig. 18 is a “Tomlin- 
son” record of the surface finish of the 
piston and bore of a packingless piston 
valve, subject to working pressures of 
about 7000 Ib. per sq. in. The radial 
clearance between piston and bore at no 
pressure is about one micron, and it 
increases with the pressure due to the 
expansion of the valve body. The “Tom- 
linson” record gives a distorted picture 


ENLARGED VIEW OF PEAK A 


VERTICAL SCALE = HORIZONTAL SCALE 


PEAK A 
Mees METAL THIS SIDE 


METAL THIS. SIDE 
0-100" 


VERTICAL SCALE = 100 X HORIZONTAL SCALE 


Fig. 18. “Tomlinson” Record of Surface Finish of Piston and Bore of a Packingless Piston Valve 


* One micron is equivalent to approximately 40 micro-inches. 
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of the surface because the vertical scale 
is one hundred times the horizontal 
scale. The enlarged view of peak A, 
where the vertical and horizontal scales 
are equal, shows that the surface is un- 
dulating, and that the maximum depth 
of undulation is one micron. For com- 
parison a “Tomlinson” record of the 
surface finish of a high-class roller bear- 
ing and roller is shown in Fig. 19. 

It is desirable that the surface finish 
should be specified when the leakage 
past packingless pistons and the effect 
of friction are being investigated. 

The Grooving of Packingless Pistons. 
The effect of a series of annular grooves 
in either the spindle or the bore, or both, 
and the effect of varying the clearance 
between spindle and bore, are deserving 
of considerable research. These effects 
should be studied both for packingless 
pump rams on high-speed pumps in 
which the delivery stroke may be made 
in one-fiftieth of a second, and packing- 
less piston type valves which may be 
subject to pressure continuously. 

Quite apart from any effect they may 
have as a hydraulic seal, annular grooves 
have a mechanical function in that they 
provide a lodgement for grit and parti- 
cles of foreign matter which might 
otherwise cause axial grooves down the 
full length of the spindle or bore. 

Sharp Edges. Considerable impor- 
tance is attached to sharp edges: the 
theory is that the ends, shoulders, and 
grooves of packingless pistons should 
have sharp edges because round corners 
tend to entrain small particles of grit 
and foreign matter between the piston 


SCALE = 100 X HORIZON 
Fig. 19. “Tomlinson” Record of Surface Finish of a High-class Roller Bearing and Roller 
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and the bore. The author saw some fuel 
pump plungers in America which were 
chromium plated on a stainless steel 
core, as shown in Fig. 20. Before chrom- 
ing, the spindle was reduced to contain 
the chrome so that in the final grinding 
the sharp edge was produced on the 
stainless steel; if the chrome had ex- 
tended to the edge, it might have peeled 
off and the edge might have become 
ragged. 

It may be found that clean sharp edges 
are equally important for synthetic rub- 
ber seals. Ragged edges may be ex- 
pected to encourage leakage. 

Hydraulic Lock. At pressures exceed- 
ing 2000 Ib. per sq. in., hydraulic lock 
becomes an important phenomenon: a 
valve spindle subject to a certain pres- 
sure for a period of time will become 
locked. Pressure and time appear to be 
the determining factors: up to a certain 
pressure the valve does not lock; then 
at a higher pressure the valve will lock 
when subjected to pressure for twenty 
or thirty seconds, and when the pres- 
sure is released it will unlock after a 
minute or two. Hydraulic lock is not a 
definite seizure, and there is no sign of 
picking up between the valve spindle 
and the bore. The phenomenon is similar 
to that of the increase of static friction 
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in hydraulic seals, and is worthy of re- 
search; other factors, such as oil viscos- 
ity, will affect the phenomenon. 
Acknowledgment. Figs. 15 and 16 are 
reproduced from the Ministry of Sup- 


ply Scientific and Technical Memoran- 
dum No. 3/47 with the permission of 
the Controller, His Majesty’s Stationery 
Office. Fig. 14 is reproduced from 
Product Engineering. 
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ENGINEERING STEELS UNDER 
COMBINED CYCLIC AND 
STATIC STRESSES 
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F.R.S. .It discusses the design of engineering components subject to combined 
flexual and torsional stresses, the combination of reverse bending stresses, reverse 
torsional stresses, static bending stresses, and static torsional stresses. It further 
explains the modifying influences of oil holes, sharp transition fillets, splines, etc., 
associated with practical design. The address appeared in the Proceedings of the 
Institution of Mechanical Engineers for 1949. 


INTRODUCTION 


The customary theme for a Presiden- 

tial Address is a general survey or a 
detailed description of one or more 
fields of engineering in which the 
speaker has been engaged. In the 
_ 1946* Thomas Hawksley Lecture,! I 
was privileged to present an account of 
one aspect of my war work with the 
three Services and, in a Centenary 
Lecture® given in the following year, 
to refer to mechanical engineering in 
the industry in which I am now engaged. 
It may, therefore, be not inappropriate 
to turn to an item of personal engi- 
neering research and discuss the be- 
havior of some engineering steels under 
combined fatigue stresses. 

Those concerned with the practical 
design of engineering components sub- 
jected to combined flexural and torsional 
stresses, of which the engine crank- 
shaft is the typical example, are aware 
of the extreme scarcity of available 
experimental data which are of direct 


application. In the stressing system to 
which such components are subjected, 
at least four variables, singly and in 
combination, are of importance: re- 
versed bending stresses, reversed tor- 
sional stresses, static bending stresses, 
and static torsional stresses. Valuable 
and essential as such information would 
be, a knowledge of the resistance of 
smooth cylindrical shafts to these com- 
bined stresses is not sufficient; in prac- 
tice, the modifying influence of such 
features as grooves, oil-holes, sharp 
transition fillets and splines, etc., un- 
avoidably associated with practical de- 
sign, must also be understood as these 
so often determine the life of the com- 
ponent. 

A long-range investigation into this 
subject was, therefore, planned for which 
new types of high-speed testing machines 
had to be developed. It was decided to 
divide the investigation into two stages, 
the first of which the two cyclic vari- 


* & list of references im numerical order is given in the Appendix. 
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ables only would be studied; in this 
stage, a general survey has been made 
of the behaviors of a representative 
selection .of engineering steels, cover- 
ing a wide range of compositions, heat- 
treatments, and tensile strengths. With 
the exception of some tests on a mild 
steel by Stanton and Batson,* no pre- 
vious work had been carried out on 
combinations of these fatigue stresses. 
Apart from time spent on preliminary 
development, this first stage of the in- 
vestigation, which was financed by the 
Department of Scientific and Industrial 
Research and in which Mr. H. V. 
Pollard, A.M.I.Mech.E., was my col- 
laborator, was started towards the end 
of 1933; interim reports, giving results 
obtained with two steels and one cast 
iron, were published by the. Insitution 
in 1935* and 1936°. The second stage 
of the investigation, in which all four 
variables were studied in: any desired 
combination, was commenced in 1936 
with the assistance of Mr. W. J. Clen- 
shaw, B.Sc., A:M.I.Mech.E., as joint 
investigator ; one material, a 65-ton air- 
craft alloy steel, was selected for an ex- 
tensive series of tests which was financed 
by the Air Ministry. Both parts of the 
investigation were actively pursued un- 
til the outbreak of war brought the in- 
vestigation to an end; the experimental 
programme was completed but detailed 
analysis of the results and their publica- 
tion had to.be deferred to the post-war 
period. The complete account of the in- 
vestigation, with supplementary me- 
chanical-tests, metallurgical examination 


.of materials, etc., is too extensive for an 


Institution paper ; it is in course of pub- 


_ lication asa monograph®, The reference 
_I shall make.tonight must be confined to 


an indication of the field covered and 
the nature of some of the principal con- 
clusions reached; those specially inter- 
ested in the subject will, no doubt, con- 
sult the full account. I hope, also, that 
what I have to say may draw the 


attention of other investigators to the’ 


wide field of engineering materials and 


stress combinations that remains to be 
explored. 

Now, in this experimental investiga- 
tion into combined fatigue stresses, 
small specimens, not exceeding half an 
inch in diameter, have been employed, 
tested at cyclic speeds of 1500-2200 
per minute. I hope to show that the re- 
sults yield simple relations which should 
be of practical use in affording a basis 
for design; these relations, for any re- 
quired material, only require simple fa- 
tigue data such as are available in the 
literature or can be easily determined 
experimentally. To what extent can 
they be applied to full-sized components, 
operating at other speeds? 

The influence of speed effect appears 
to be fairly well established. The results 
of many investigations have shown that, 
in general, the fatigue range increases 
with cyclic frequency to an extent de- 
pendent on the material under test; 
with maty metals, the increase is ap- 
preciable when frequencies of the order 
of 10,000 cycles per minute are reached 
and, at very high frequencies, marked 
further increases in the fatigue range 
have been recorded. But it can be con- 
cluded that, at frequencies between 150 
and 5,000 cycles per minute, speed effect 
may be neglected. Much more work, 
however, requires to be done on size 
effect in fatigue. In studying this very 
important problem, it is most desirable, 
but very difficult, to ensure that speci- 
ments of, the same material, tested in 
various sizes, have, initially, identical 
physical properties, while the use of 
geometrically similar specimen forms 
and loading conditions is also essential. 
A number of investigations, designed 
to meet these conditions, have been made 
by Peterson,’» Mailander and Bauers- 
feld,® Horger,!° Dolan and Hanley, 
and others. These show quite definitely 
that, when discontinuities of section are 
present, the fatigue range decreases, but 
at a. decreasing rate, as the specimen 


sizé~increases; the results also suggest 
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that the fatigue strengths probably at- 
tain minimum values when a specimen 
diameter of about 2 inches is reached, 
but, as the sizes which have been sys- 
tematically investigated rarely exceeded 
3 inches, further tests on larger sizes are 
required. In some investigations, nota- 
bly those of Peterson and Wahl,!? the 
practical reductions in strength, resulting 
from the presence of some form of dis- 
continuity of section in a series of geo- 
metrically similar specimens, have been 
compared with the theoretical effect of 
the same discontinuity as determined by 
the methods of mathematical analysis, 
photoelasticity, static strain-measure- 
ment, etc. In general, the full theoretical 
weakening effect is not realized, the ex- 
tent of divergence between theory and 
experiment varying with the material 
under test. In some cases, the approach 
is fairly near, particularly with some of 
the high-tensile steels ; with other steels, 
the actual reduction of strength falls 
considerably short of that predicted by 
theory. Safe design could, no doubt, 
be based on theoretical stress concen- 


tration factors but, in many cases, it 
would not be economical design. In re- 
gard to smooth specimens free from 
discontinuities of section, the available 
evidence is contradictory: some investi- 
gators have reported no size effect, up 
to a specimen size of about 3 inches; 
others find the same effect as with 
specimens containing discontinuities. 
Of course, in all such comparative tests 
on a practical engineering metal or 
alloy, there is one factor—grain size 
—which is usually kept constant in 
order to satisfy the requirement of iden- 
tical physical properties, but, except for 
this departure from similarity in test 
conditions, it is difficult to understand 
why a scale effect should exist under 
geometrically similar conditions of form 
and loading. Clearly, the subject of size 
effect in fatigue is of real importance to 
engineering design ; it was hoped to sup- 
plement the present combined fatigue 
program by a few carefully selected tests 
using much larger specimens of, say, 
2¥ inches in diameter, but this must be 
left to future investigators. 


STAGE 1. COMBINED FATIGUE STRESSES, EMPLOYING 
TWO INDEPENDENT CYCLIC VARIABLES 


The Testing Machine. The type of 
fatigue machine—the No. 1 Combined 
Stress Fatigue Testing Machine—de- 
veloped for this stage of the investi- 
gation has been fully described‘ in the 
1935 paper to the Institution; it will be 
sufficient to recall its method of opera- 
tion. A battery of four such machines 
was constructed and used continuously 
throughout the research. As indicated 
in Fig. 2, one end of the specimen is 
attached rididly to frame of the machine. 
A synchronous motor drives a vertical 
disk carrying out-of-balance weights, 
of adjustable mass, which produce an 
alternating vertical load, +P. This al- 
ternating load is applied to the specimen 
through a horizontal loading arm, which 


VERTICAL LOAD 


S 


makes an angle @ with the axis of the 
specimen; @ can be set at any required 
angle from 0 to 90 deg. The alternating 
bending and alternating torsional mo- 
ments thus applied to the specimen are 
proportional to cos @ and sin @, re- 
spectively. The axle of the rotating disk 
is carried by a horizontal system of four 
cantilever springs; the speed of the disk 
is carefully adjusted to be equal to the 
resonant frequency of all the moving 
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parts vibrating on the outer ends of 
these springs. All inertia forces, other 
than the vertical forces due to the out- 
of-balance weights, are thereby elimi- 
nated from the specimen. Thus, with 
the standard cylindrical specimen, when 
the setting angle of the machine is 9 = 
0 deg., cycles of reversed plane bending 
stress, +f, are applied; and cycles of 
reversed torsional stress, +g, when 6 
= 90 deg.; for any intermediate setting, 
f/q = 2 cot 6. The fatigue range of 
each material has been determined, by 
endurance tests on a 107 cycles basis, 
at each of seven settings, ie. 6 = 0, 
15, 30, 45, 60, 75, and 90 deg. The cyclic 
stresses are in phase: the operating fre- 
quency of the machine is 2130 cycles per 
min. 

Test Materials and Program. Crank- 
shaft steels used in practice cover a wide 
range of tensile strengths, obtainable by 
a considerable variety of chemical com- 
positions and heat-treatments; some 
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difficulty was encountered in selecting a 
representative, but necessarily limited, 
series for test purposes which would 
have practical interest and also afford 
some information regarding the effect, 
if any, of some of these varations. It 
was decided: (1) to choose a series of 
standard steels each representing a defi- 
nite class in regard to tensile strength, 
in some cases including a pair of steels 
in the same strength class in order to 
examine the effect of chemical com- 
position; (2) to include four types of 
structure, namely: (a) ferrite and pear- 
lite, as in normalized carbon steels, (b) 
pearlite, (c) uniform matrix containing 
spheroidized cementite, as in fully an- 
nealed steels of moderate carbon content, 
and (d) hardened and tempered; (3) to 
test one steel in two forms of heat-treat- 
ment having widely differing impact 
strengths but the saine tensile strength. 
This gave steels of ten chemical com- 
positions or, as two steels were tested in 
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each of two forms of heat-treatment, 
twelve test materials, each of which is 
an essentially ductile steel. By contrast, 
two cast irons were also included “Silal” 
chosen to represent a near approach to 
a brittle material, and “Nicrosilal’” to 
represent a comparatively ductile cast 
iron. 

The programme of combined stress fa- 
tigue tests which has been made on these 
fourteen materials is as follows. Using 
the type of solid specimen shown in 
Fig. 3a, the fatigue strength of each 
material has been determined at each of 
the selected seven values of 6 (0, 15, 
30, 45, 60, 75, and 90 deg.). To in- 
vestigate the effect of specimen form, a 
similar complete series of fatigue de- 
terminations has also been made on each 
of two steels, using hollow specimens as 
in Fig. 3b. Tests to determine the effect 
of one form of discontinuity of section 
on the resistance to combined fatigue 
stresses have been made on seven of the 
steels. The discontinuity was produced 
by machining a 55 deg. “sharp” V- 
notch circumferentially round the test 
section of the specimen shown in Fig. 3c. 
Although every care was taken in the 
machining operation to produce the bot- 
tom of each notch as sharp as possible, 
each notch had, of course, a transition 
curve at its root, approximating to a 


“root radius.” Using a projection meth- 
od, this “root radius” of each specimen 
was measured and recorded; it was re- 
markably constant for any individual 
steel but varied somewhat from steel to 
steel: with most steels the notch radius 
was round about half a thousandth of an 
inch; with others, it was round about 
one-thousandth. 

The essential particulars of the test 
materials and the combined fatigue stress 
program only are summarized in Table 
1, in which the actual tensile and notched 
bar values are inserted: the chemical 
analyses are as stated in Table 2. The 
results of some of the usual mechanical 
test data relating to the test materials 
are summarized in Table 3. In regard to 
items 1, 8, and 13 of Table 1, the re- 
sults of the tests made on solid and hol- 
low specimens of the 0.1 percent carbon 
steel (normalized) and the 3% percent 
nickel-chromium steel (normal impact), 
together with the tests made on solid 
specimens of “Silal” cast iron, formed 
the subject of interim reports previously 
presented by Gough and Pollard,* * 
present a balanced account of the whole 
investigation, they will again be men- 
tioned in this address. 

Accuracy of Estimation of Fatigue 
Limit. Following the usual practice, the 
recorded values of the fatigue limits 


‘Tasiz 2. CummicaL ANALYSES OF MATERIALS 


Material Chemical composition, per cent 
Carbon Silicon | Manga- |Sulphur| Phos- | Alumi- |Copper| Nickel | Chro- | Molyb-| Vana- 
0-1 per cent carbon steel 0-12 0-185 | 0-61 12 | 0-016 _- 0-075 | 0-06 | Trace _ - 
per cent carbon steel 0-39 0-017 | 0-02 0-12 - 
0-9 per cent carbon steel 0-13 0-02 
3 per cent nickel steel (30-35 
toms) . O11 0-22 042 | 0011 | 0011 3-18 | Trace 
3-34 per cent nickel steel 
(45-50 tons) . O17 0-57 | 0-007 | 0-011 3-25 | 0-06 
(45-50 tons) . 0-41 0-23 0-71 0-006 | 0-017 1-27 0-28 
per cent nickel-chromium 
steel (55-60 tons) . 0-30 0-21 0-58 0-006 0-018 3-62 0-85 - 
ium - 
num stee! (60-70 0-24 0-20 0-57 | 0004 0015 3-06 | 1:29 0-25 
pum steel (75-80 0-24 0-27 0-57 | 0007 0011 310 1:33 O41 0-25 
tons) 0-23 048 | 0-018 = 442) 136 - 
“Silal”’ cast 6-39 1-13 1 0-08 - = 
combine) 
“Nicrosilal”’ cast iron 425 060 | 0039 | 0-033 — | 1774 | 239 - 
| 
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Description of material Heat-treatment Form of microstructure Tensile | Izod Special objects and C.S. fatigue tests 
tons per ft.-Ib. 
sq. in. 
at a pani eaaagisal Normalized from 900 deg. C. Ferrite and pearlite 27-9 89 Tests on solid and hollow specimens 
0-4 per cent carbon steel (nor- | Normalized from 850 deg. C Ferrite and pearlite 42:0 30 Tests on solid and notched) A steel tested in each of two 
malized) specimens heat-treated conditions, to 
04 cent carbon steel | Normalized from 900 deg. C.: | Uniform matrix containing 30:9 32 Tests on solid specimens reveal effect of different 
( heated for six days at 650 deg heroidized cementite, as in forms of structure of the 
C. and slowly cooled annealed steels of same chemical composi- 
carbon conten tion 
:  eareeeeeensl Normalized from 820 deg. C. Pearlite 54:9 34 | Tests on solid specimens 
3 cent nickel steel (30-35 | Oil-hardened from 850 deg. C.: | Hardened and tempered 341 100 Tests on solid and notched specimens 
Sons) 700 deg. & air 
3-34 per cent nickel steel (45-50 | Oil-hardened from 850 deg. C.: | Hardened and tempered 46:8 86 Tests on solid and notched) Two steels selected as hav- 
tons) fo 610 deg. C.: air specimens ing the = tensile 
strength but differing 
Chromium-vanadium steel (45~ | Oil-hardened from 850 deg. C.: | Hardened and tempered 48-7 96 Tests on solid and notched } chemical composition hom 
50 tons) fm 700 deg. C.: air specimens ve) 
coo) 
34 per cent nickel-chromium | Oil-hardened from 830 deg.C.: | Hardencd and tempered 56-0 76 Tests on solid, hollow, and) The same steel in the normal 
steel (normal impact) tempered 620 deg. C. and (quickly cooled) notched specimens and embrittled condi- 
34 cent nickel-chromium 000 die C.: Hardened and tempered (slow!: 58-1 54 | Tests on solid and notched bur widel 
steel (low impact) tempered 1} hours at 620 deg. cooled) . specimens fering notched bar velues 
ours 
Nickel-chromium-molybdenum | Normalized 900 . C.: oil- | Hardened and tempered 64:8 90 Tests on solid specimens 
steel (60-70 tons) hardened from 85 deg. C.: 
po 640 deg. C.: ar 
coo! 
Nickel-chromium-mol Oil-hardened from 850 deg. C.: | Hardened and 80:5 55 Tests on solid and notched 
Nickel-chromium steel (95-105 | Air-hardened from 820 deg. C.: | Hardened and tempered 108 24 Tests on solid specimens 
tons) — 200 deg. C: air 
“Silal’”’ cast iron As cast Cast 14-9 + bot =) solid specimens. Chosen as a near approach to 
a mat 5 
“Nicrosilal”’ cast iron As cast Cas 14-2 14 | Tests on solid specimens. Chosen as representing a com- 
paratively ductile cast iron 
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REVERSAL TO FRACTURE, V 


O-> DENOTES SPECIMEN UNBROKEN 
is Fatigue indicated (225 results). 


definitely indicated (34 results). 


indefinitely cadscated (7 results). 
Fig. 4. Typical S/N Curves 


have been determined by inspection of 
the S/N curves. It is unnecessary and 
impracticable to present in the present 
address, either in graph or tabulated 
form, the detailed results of the 266 
separate fatigue determinations which 
have been made, but it is felt that some 
indication may usefully be given of the 
accuracy of the values quoted. The ac- 
curacy of the estimation is determined 
entirely by the degree of “scatter” of 
the results, which is a reflection of 
the uniformity of the test material, from 
specimen to specimen. Some materials 
exhibited a very high degree of uniform- 
ity; a few, usually the high-tensile, heat- 
treated alloy steels, or cast materials, 
sometimes less satisfactory S/N curves. 
The accuracy of the testing machine was 
extremely high. The following method 
has been adopted. The S/N curves 
have been divided into three classes, 
denoted by “D” (fatigue limit definitely 
indicated), by “LD” (less definitely in- 
dicated), or by “I” (indefinitely in- 
dicated). Fig. 4 shows three pairs of 
actual S/N curves to illustrate these 
three classes: each pair represents the 
limits of the class. An analysis showed 
that of the total of 266 S/N curves, 
225, or 85 percent, were “D”, 34, or 


12% percent, were “LD”, while 7 only, 
or 2% percent, were “I”. In the graphs 
to be presented, the appropriate classi- 
fication of each individual test point is 
indicated. 

Stress Nomenclature. We are con- 
cerned only with the fatigue limit (i.e., 
the endurance limit at 10% cycles) at 
any applied combination of flexural and 
twisting moments; it will be sufficient, 
and most convenient for application to 
design, to express each fatigue limit in 
terms of the maximum bending and 
torsional stresses induced in the speci- 
men. Let 

+f = range of plane bending stress 
due to the cyclic flexural 
moment ; 

f, = constant plane bending stress 
due to the superimposed static 
bending moment ; 

-++q = range of shearing stress due to 
the cyclic twisting moment; 
and 

qs = constant shearing stress due to 
the superimposed static twist- 
ing moment. 

Then the imposed bending stress system 
is (fg +f) and the imposed shearing 
stress system is (q, + q). In all tests 
made in the No. 1 combined stress 
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fatigue testing machine, f, = g,=0. 
The stress system is, of course, one of 
plane stress only, consisting of two 
ranges of principal stress, + p, and 
+ p,, induced by the cyclic loading, 
the third principal stress, »,, always 
havings zero value as it occurs at a free 
surface, thus :— 

+P, = 

+P 

0 

p, and p, being of opposite sign at 
any instant. 

It is convenient to assign special terms 
to the cases of simple reversed stresses 
of each kind when acting alone as these 
are “end-points” to which constant ref- 
erence will be made. Let 

+b = fatigue limit under reversed 

_plane bending stresses only, 
_and 

= fatigue limit under reversed 

shearing stresses only. 

The f/q Relation. With a very few 
exceptions,* 15, no tests have previously 
been reported on the fatigue resistance 
of metals over the complete range from 
reversed bending stresses to reversed 
torsional stresses with intermediate 
combinations (the present investigation 
was designed to assist in filling the gap), 
but considerable data exist concerning 
the values of +b and +¢ for a wide 
range of metals and alloys, and it is 
established that the ratio of t/b varies 
considerably ; an examination ' of forty- 
eight such results showed ratio values 
varying from 0.44 to 0.80. Hence, before 
the present research was commenced, it 
was already evident that no general f/q 
relation for combined fatigue stresses 
could emerge consistent with any crite- 
rion for elastic failure which had been 
advanced*, if the criterion postulated a 
single-valued relationship between 


* This aspect has been fully discussed previously‘. There is, of course, no @ priori reason why 
e be subject to any common stress criterion, as the two 
phenomena differ so essentially, especially when cyclic stresses other than reversed stresses are in 


elastic failure and fatigue fracture should 


operation. 


+ The derivation of this general case of a conic to cover certain limiting values of b/t has been 


fully described.® 
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and ¢. In the preliminary results previ- 
ously reported * °, it was found that the 
results obtained with two ductile steels 
gave very regular f/g curves over the 
whole range of stress combinations and, 
for each material, experimental data 
fitted very closely to an ellipse quadrant 
represented by the expression :— 

f?/b +q?/t?=1 . (1) 
The data obtained in tests made on a 
cast iron (Silal) also plotted fairly 
regularly, but the f/q curve was cer- 
tainly not an ellipse quadrant. The frac- 
ture characteristics of this material 
strongly suggested that principal stress 
or principal strain conditions were of 
importance but the f/g curve, although 
similar in shape, lay intermediate between 
curves given by the two-dimensional 
representation of those two criteria 
and so could not be definitely associated 
with either. In 1937,15 with Mr. Pol- 
lard, I reported a separate investigation 
of four cast-iron crankshaft materials. 
The f/q curves obtained were of the 
same general geometrical shape to that 
previously given by Silal; also, the frac- 
ture planes of these four irons were in 
good agreement with those subjected 
to maximum principal stress (or strain). 
Apparently, these five cast materials con- 
formed consistently to some general 
form of f/q relation (although the 
values of b/t varied quite widely) which 
was diffierent from the ellipse quadrant 
found for the ductile steels. It was 
shown that the several f/q relations for 
the cast irons were all represented. 
closely by the general form of ellipse 
arc}, expressed by :— 


The ellipse quadrant and ellipse arc re- 
lations were thus derived. They were re- 
garded at the time as empirical, having 
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been chosen merely because these two 
simple geometrical forms fitted fairly 
closely those experimental data for the 
two, apparently distinct, groups of 
“ductile” steels and “brittle” cast irons 
which were then available; given any 
experimental “end-point” values of b 
and t, the curves can be constructed. 
Whether or not they were of general 
application could not be considered until 
the results of the complete investigation 
became available. 

However, in discussing the first in- 
terim report,* Stanfield suggested .that 
a clue to a physical explanation of the 
form of the f/q relation might be ob- 
tained by assuming, with Perry, that the 
resistance to shear involves an “internal 
frictional resistance” whose value is di- 
rectly proportional to the normal stress 
acting across the shear plane. The 
normal resistance to shear is assumed 
to be increased by the frictional re- 
sistance, failure occurring when the sum 
of the two terms reaches a limiting value 
given by (S + pp) or (AS + pp); the 
planes of failure are not principal planes, 
but as determined by a relation of the 
type, ap, — Bp, = constant, where p, 
and p, are the principal stresses. On 
this assumption, and by choosing ap- 
propriate values of the constants, Stan- 
field obtained an expression which is 
mathematically identical with the above 
equation (2), for the ellipse arc. Stan- 
field concluded that his expression fitted 
the “Silal” data satisfactorily but did 
not fit the data for the ductile steels 
so closely as the ellipse quadrant. Dur- 
ing the same discussion * and, later, in 
a separate paper’, Professor Guest 
showed that his criterion for failure of 
elasticity under static stressing, i.e. 
— Pe) rA(A, Po) => C, can be 
rewritten to give exactly the expression 
given in equation (2) above, by taking 


the value of his constant A equal 


to (7 -1). The second term of Pro- 


fessor Guest’s relation represents, as 
originally defined by its author, a frac- 
tion of the volumetric stress and is not, 
necessarily, to be associated with the 
Perry conception of internal friction; 
the value of A, while a constant for a 
given material, was assumed to vary 
from material to material. More re- 
cently, Mr. H.-L. Cox, of the National 
Physical Laboratory, has made a mathe- 
matical investigation into the effect 
of flaws and elliptical holes on the 
strength of materials subjected to com- 
plex stress systems. He obtains a relation 
between the bending and shearing stress 
components which, again, is represented 
by equation (2). 

Thus, the present position in regard 
to the ellipse quadrant and the ellipse 
arc, adopted initially as convenient geo- 
metrical forms which fitted the early re- 
sults, is that, while no physical inter- 
pretation has yet been advanced for the 
ellipse quadrant, three separate explana- 
tions exist, based on quite different 
physical bases, any one of which would 
be consistent with the representation of 
the form of the f/q relation by the 
ellipse arc. It will, of course, require 


-some future experimental investigation 


of quite a different nature—but in which 
the determination of the influence of the 
third principal stress, p,, must certainly 
be included—to determine whether the 
fatigue of metals under combined 
stresses is, in fact, governed by any of 
the physical bases on which these three 
explanations rest. 

As each series of experimental data 
obtained will be compared with the 
ellipse quadrant and arc, it may be help- 
ful first to show how the divergence of 
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RE COINCIDENT 


@ Hollow specimen 
4 Specimen with discontinuity of section 


0-1 per cent carbon steel (normalized). 
0-4 per cent carbon stee! (normalized). 
0-4 per cent carbon steel (spheroidized). 
0-9 per cent carbon steel (pearlitic). 

3 per cent nickel steel (30-35 tons). 
3-34 per centnickel steel (45-50 tons). 
Chromium-vanadium steel (45-50 tons). 


an ee 


VALUES OF 7 


~ 
3 


> 
> 


Per cent nickel-chromium steel (normal impact, 
Nickel-ch i lybdi steel (60-70 tons). 
Nickelch tons). 
steel (95-105 tons). 
“*Silal’’ cast iron. 
“‘Nicrosilal”’ cast iron. 


Fig. 5. The Dependence on the Ratio Value bj of the Divergence berween an Bltiper Quadrant and the Corresponding 


any corresponding pair of curves drawn 
through the same “end points” depends 
essentially on the value of the ratio b/t. 
In Fig. 5, six corresponding pairs of 
curves have been drawn for b/t ratio 
values of 1, 1.25, 1.5, 1.75, 2.0, and 3.0. 
At b/t = 1 (which is consistent with 
failure being determined by a constant 
value of range of maximum principal 
stress), the quadrant and arc are widely 
divergent. The divergence decreases 
progressively as b/t increases until 
b/t = 2° ¢whieh is consistent with fail- 
ure being determined by a _ constant 
value of range of maximum shear stress ) 
when the curves are coincident. At still 
higher values of b/t, the curves cross 
over relatively, the arc being external 
to the quadrant, the divergence con- 
tinuously increasing. All curves meet 


the b/t axis orthogonally; each quad- 
rant, of course, meets both axes ortho- 


gonally; in general, each arc meets 
the ¢ axis obliquely. The experimental 
results marked on the diagram refer to 
tests in which cycles of reversed stresses 
only were in operation. With the excep- 
tion of one very special form of speci- 
men where b/t may have, for reasons 
which will be explained later, the ex- 
treme value of 3.04, all experimental 
values of b/t are spread variously be- 
tween the limits of 1.0 and 2.0. Thus, 
in some cases when this divergence is 
small and non-uniformity of the test 
material yields irregular test data, defi- 


‘nite identification with either the quad- 


rant or the arc is open to some doubt. 
A critical assessment of the results in 
this respect has, however, been made, 
but the data are fully presented to enable 
these assessments to be independently 
reviewed. 
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RESULTS AND CONCLUSIONS 


The f/q Relation. The experimental 
values of the limiting ranges of stress, 
or fatigue limits, are plotted in Figs. 6 
and 7, in the form of f/q diagrams. For 
each material, the appropriate ellipse 
quadrant and arc have been drawn 
through the endpoints,* b and t. Making 
due allowance for irregularities, each set 
of data plots in a form that is satisfac- 
torily expressed by one of the two cri- 
teria. 


PER CENT 

(© STEEL (NORMALIZED) 
=77 

t tire t3s0 


SEMI-RANGE OF SHEAR STRESS DUE 


TO TORSION, Y— TONS PER SQ. IN. 


SEML-RANGE OF DIRECT STRESS DUE TO BENDING, f TONS PER SQ. IN. 


(a) Solid Specimen. The form of 
specimen used is illustrated in Fig. 3a, 
having a test section diameter of 0.3 
inch. 

(i) Ductile Steel (Fig. 6a, b, c, and 

d). There are five steels in which the 

quadrant fits the data very closely and 

certainly closer than the arc: 0.1 per- 
cent carbon (normalized) ; 3 percent 
nickel; 34%4 percent nickel-chromium 

(normal impact) ; 0.4 percent carbon 


a 


SEMI-RANGE OF NOMINAL SHEAR STRESS 
DUE TO TORSION, —TONS PER SQ. IN, 


SEMLRANGE OF DIRECT STRESS QUE TO BENDING, — TONS PER $0. IN 


g 
215 «3! 
: 
3” 
Qs 


Fig. 6. f/q Curves 
a, b, c, d, e, and f relate to solid specimens ; g relates to hollow specimens. 


* With one exception only on Fig. 6d, where an “LD” value of ‘‘b’” has been adjusted to fit the 


other data. 
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(spheroidized) ; chromium-vanadium 
(45-50 tons). There are two steels— 
the 3% percent nickel-chromium (low 
impact) and the nickel-chromium- 
molybdenum (60-70 tons) — whose 
data tend to fall slightly outside both 
curves; the ellipse quadrant is the 
closer fit. Then there is a group 
of four steels in which the quadrant 
and are are in close proximity and 
either curve would provide a good fit, 
but the quadrant is slightly to be pre- 
ferred: 0.4 percent carbon (normal- 
ized); 3-3%4 percent nickel (45-50 
tons); 0.9 percent carbon; nickel- 
chromium (95-105 tons). Lastly, for 
the nickel-chromium-molybdenum steel 
(75-80 tons), the curves are practic- 
ally coincident and the data somewhat 
irregular: even the quadrant affords a 
conservative design basis, however, 
and is preferred. 

(ii) Cast Irons (Fig. 6e and f). 
There can be no doubt that the f/q 
relation for each iron is closely repre- 
sented by the ellipse arc. These results 
accord with those obtained by Gough 
and Pollard }®* on four crankshaft cast 
irons. 


(b) Hollow Specimens (Fig. 6). The 
form of specimen used is illustrated in 
Fig. 3b. Examination of the fatigue test 
data of Fig. 6g shows that the quadrant 
fits these data very satisfactorily. In the 
case of the 3% percent nickel-chromium 
(normal impact), the curves are suffi- 
ciently widely separated to rule out the 
are as the criterion; with the 0.1 per- 
cent carbon (normalized), the quadrant 
and arc are nearly coincident, but the 
quadrant is the better fit. 

(c) Grooved Specimenst (Fig. 7). 
The form of the specimen and notch 
are shown in Fig. 3c. The root diameter 
at the bottom of the notch is 0.3 inch, the 
same as the test section diameter of the 
solid specimens: a direct evaluation can 
thus be made of the reduction in fatigue 
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strength due to the presence of the notch. 
If allowance is made for irregular test 
points, these data, when plotted, give 
definite f{/q curves. 

For the 0.4 percent carbon (normal- 
ized) and the nickel-chromium-molybde- 
num (75-80 tons) steels, the arc pro- 
vides a very close fit to the data, while 
the arc definitely provides a closer fit 
than the quadrant for the 3 percent 
nickel (30-35 tons) and the 3% percent 
nickel - chromium (normal impact) 
steels. The test data of the remaining 
three steels—3-31% percent nickel (45- 
50 tons), the chromium-vanadium (45- 
50 tons) and the 3% percent nickel- 
chromium (low impact)—are irregular 
and either the quadrant or the arc would 
provide a satisfactory fit. But a general 
survey of this group of diagrams leads 
to the conclusion that the ellipse arc does 
represent the f/q relation for this whole 
group of seven steels when a stress con- 
centration set up by a sharp 55 deg. V- 
groove is present. 

It is concluded that, within the limits 
of the investigation :— 


The resistance to combined fatigue 
stresses of ductile steels, when tested 
in the form of solid or hollow cylin- 
ders, free from stress concentration 
effects, is represented by an ellipse 
quadrant as defined by equation (1). 

On the other hand, the resistance 
of cast irons, and of ductile steels when 
a stress concentration effect is present, 
is represented by an ellipse arc as 
defined by equation (2). 

This identification of the geometrical 
form of the f/q relation should be of 
considerable use for design purposes. 
The values of the “end-points,” b and t, 
are all that is required to calculate the 
fatigue strengths of the intermediate 
combinations of bending and torsional 
stresses. The values of b and t for a wide 
range of metals and alloys are available 
in the published literature and, if not 


+ The stresses recorded are, except where otherwise stated, nominal values calculated in the usual 


manner on the root diameter at the base of the notch and without taking into consideration the stress 
concentration effect present. 
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10 

SEMI-RANGE OF NOMINAL DIRECT STRESS ~ 

DUE TO BENDING, f —TONS PER SQ. IN, 


= 
a 


DUE TO TORSION, g ,—TONS PER SQ. IN, 


SEMI-RANGE OF NOMINAL SHEAR STRESS 


5 10 
SEMI-RANGE OF NOMINAL DIRECT STRESS 
DUE TO BENDING, J -- TONS PER SQ. IN. 


thus available, can nicky be determined 
using ordinary types of fatigue testing 
machines ; a combined-stress fatigue test- 
ing machine is not necessary. Further, 
if doubt arises as to the applicability of 
the ellipse quadrant or ellipse are for any 
particular -material, the more conserva- 


NOMINAL SHEAR STRESS 
—TONS PER SQ. IN. 

Ss 


SEMI-RANGE OF 
DUE TO TORSION, 


DUE TO BENDING, f —TONS PER SQ. IN, 


10 
SEMI-RANGE OF NOMINAL DIRECT STRESS 
DUE TO BENDING, =f —TONS PER SQ. IN, 


‘SEMI. OF NOMINAL DIRECT STRESS 
DUE TO BENOING, f —TONS PER SQ. IN, 


tive form—which will usually be the arc 
—should be used. 

Theoretical and Actual Effect of 
Groove on Fatigue Strength. No exact 
analytical estimation appears to have 
been published of the theoretical stress 
concentration set up by the presence of 


659 


ch. 
> 
al- 
de- 
ro- 
lile SEMI-RANGE OF NOMINAL DIRECT STRESS 
fit DUE TO BENDING, f —TONS PER SQ. IN. 
ing 
cel- 
id 
u 
ral 
is 15: 
0 t Ps t 
on- LN the + 
2 tine zs t 6-0 
ted 
|in- 
ion Mc, 
ay Mo 
H 
nen 
nt, 
as A Fig. 7. f/q Curves 
; All for grooved specimens. 
tire 
ical 
eS. 
1 t, 
the 
ate 
nal 
ide 
ble 
not 
sua! 
ress 


ENGINEERING STEELS 


a small V-shaped circumferential groove 
in a shaft subjected to bending or tor- 
sion. Consideration of the work of 
Inglis'® and Griffiths’® indicated, how- 
ever, that with the form and dimensions 
of notch used in the present tests, the 
following values of the theoretical stress 
concentration factor, K;, are probably 
applicable without serious error :— 


K, (bending) = 1+ 


K;, (torsion) = 1+ 064 


where d is the depth of the notch and r 
is the root radius. As mentioned pre- 
viously, a sharp V was never attained 
in the specimens; instead, a transition 


curve occurred at the root Of ‘the notch. | 


The approximate radius of this curve 
was measured carefully on each speci- 
men; fairly constant for each steel, it 
varied from steel to steel; the measured 
values for each steel have been used in 
equations (3) and (4) to calculate the 
values of K, quoted below in Table 4; 
the value of d was constant throughout 
at 0.02 inch. The practical effect of the 
groove, which is supplied directly by 
the experimental data, is given by :— 

K, = fatigue strength reduction factor 


___ fatigue strength of solid specimens 
~ fatigue strength of grooved specimens 


A quantity which is often used to ex- 
press the “sensitivity” of a material to 
a stress concentration is 

QO = fatigue notch 


the limiting values of Q being zero 
(when K; = 1, the notch producing no 


sensitivity index = 


reduction in the fatigue strength), and . 


unity (when K,; = K; and the full 
theoretical effect is realized). 

The comparison between approximate 
theory and experiment is made in the 
summarized data of Table 4, where the 
seven steels are arranged in ascending 
order of tensile strength. 

For each material, K, is considerably 


greater than K,. Under reversed bend- 
ing stresses, the value of the ratio K,/K, 
(column A of Table 4) falls steadily, it 
irregularly, with increase in _ tensile 
strength of the materials: a similar gen- 
eral trend is observed under reversed 
torsional stresses, although the results 
are more irregular. It will be noted that 
the very great difference in the notched- 
bar impact values of the same 3% per- 
cent nickel-chromium steel, tested in the 
normalized and embrittled conditions, is 
not reflected in their relative fatigue 
strengths, although a sharp notch is 
present: this fact is in accordance with 
previous results of similar tests on other 
materials. 

The marked variation in sensitivity 
to the presence of the notch, which exists 


© 
OF (//9=2 COTO) 


fatigue limit of grooved specimens 
Material U.T.S., 
tons per sq. in. 
cent carbon steel (normalized) 
e per cent nickel 468 
@c jum-vanadium steel 7 
e per cent nickel-chromium steel (normal (normal impact) 58-0 
} per cent nickel-chromium steel (low impact) . 58-1 
Nickel-ch i lybd: steel (75-80 tons) 80-5 


Fig. 8. Fatigue Strength Reduction Factors due to 55 deg. 
V-groove 
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TaBLE 4, COMPARISON OF THEORETICAL AND PRACTICAL EFFECT OF GROOVE ON FATIGUE STRENGIH 


Material Ultimate Type’ Stress concentra- Fatigue Ratios Fatigue notch 
tensile tion factor, K; strength re- "ne 
strength,| stress~ (approz.) duction factor, index, 
tons ing Ky K, 
aq. - R © Bend- | Tor- 
Torsion = (A) (B) (c) ing | sion 
fe Bend- | Tor- 
ing 
3 per cent nickel B 18 - 13 | — | no] — 
steel 41 2:57 1:20 2:14 | 0-04 | 0-06 
T 7 1:36 51 
0-4 per cent carbon B 18 185 | — 97, — 
steel (normalized) | 42-0 2:57 1-57 1-64 | 005 | 003 
T 7 — — 59 
3-34 per cent nickel B 13 - 1-47 jon 88 ima 
pd 468 ¥ 2:36 101 234 | 004 | O10 
~ 5-5 — — | 38 
Chromium - vana- B 13-8 1:99 66? 
dium steel 48-7 289 1-24 2:33 | 0-08 | O16 
T 48 161 30 
cent nickel- B 95 2-01 47 
steel | 58-0 253 1:35 1-87 | O12 | O18 
(normal impact) 3 3-75 149; — 25 
cent nickel- B 9-25 2-06 45 
steel | 58-1 2-43 1-16 2:10 | O13 | 028 
(low impact) 38 — — 21 
Nickel - chromium - B 72 24 — 30; | o2s | oss 
(75-80 tons) 38 1-42 27 


K, = theoretical stress concentration factor = ratio of theoretical stress at bottom of notch to nominal stress. 


Q = fatigue notch seasitivity index 


* B denotes tests under reversed plane bending stresses (@ = 0 deg.); T denotes tests under reversed torsional stresses (@ = 90 deg.). 


between the various materials, is brought 
out strikingly in Fig. 8, which shows, 
for each steel, the values of K;* over the 
whole range of combined stresses from 
reversed bending to reversed torsional 
stresses. The family of seven curves 
vary between the two types exhibited 
by the nickel-chromium-molybdenum 
(75-80 tons) and the 3-3% percent 
nickel (40-50 tons) steels. The former, 
which has the highest tensile strength of 
the group, is the most sensitive to re- 
versed bending stresses but is less sensi- 
tive than others to reversed torsional 
stresses, while the latter material shows 
much the same degree of low sensitivity 
under all combinations of stress. No clue 
has yet been offered to the problem of 
these typical variations of sensitivity 
among various materials; they cannot 


be accounted for by single considerations 
of ultimate strength, ductility, chemical 
composition or form of microstructure ; 
a metallic alloy is such a complex ma- 
terial that some complicated combina- 
tion of a number of factors is probably 
involved. Until these are understood, a 
quantitative theory of fatigue is unlikely 
to be forthcoming; it is also most un- 
likely that the, necessarily, simple as- 
sumptions of the present theory of 
elasticity will prove to be applicable or 
helpful. 

Influence of Tensile Strength, Com- 
position, and Heat Treatment upon Fa- 
tigue Strength. The intrinsic strength 
under combined fatigue stresses, of each 
material, under the conditions of the 
present tests, is the fatigue strength de- 
veloped when solid specimens are em- 


* To avoid cumulative errors due to the calculation of K, from uncorrected fatigue strengths of 
plain and notched specimens, the five values intermediate between b (g = 0 deg.) and t (g = 90 deg.) 
have been taken from the appropriate ellipse quadrant and ellipse arc, respectively: the numerator and 
denominator of K, have also been used in terms of range of maximum shear stress, in order to avoid 


the difficulty of using two quantities, f and gq. 
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SEMI-RANGE OF STRESS AT FATIGUE LIMIT—TONS PER SQ, IN. 


@ Reversed plane-bending stresses. 
© —— © Reversed torsional stresses. 


20-4 
10- 
ULTIMATE TENSILE STRENGTH—TONS PER SQ. I". 
30 0 50 @ 70 80 9 100 10 
z2s == 2 8 
= 
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Fig. 9. Fatigue Strength in relation to Tensile Strength 


ployed. Also, as it has been established 
that the fatigue strengths over the whole 
range of stress combinations explored 
are determined (by the ellipse quadrant 
or arc) once the “end-point” values are 
known, the latter only need be con- 
sidered in relation to the effect of tensile 
strength, composition, and heat treat- 
ment, a considerable variety of which 
were purposely included in the pro- 
gram. 

In Fig. 9, the fatigue ranges under 
reversed bending, and also reversed tor- 
sional, stresses of the ductile steels are 
plotted against ultimate tensile strength; 
smooth curves have been drawn to in- 
clude the optimum fatigue values. The 
curve of reversed-bending stress/ulti- 
mate tensile strength is of the familiar 
type, the slope gradually falling as the 
ultimate tensile strength increases. All 


points on this .curve. represent very 
good fatigue resistance: even the value 
of the endurance ratio (fatigue limit/ul- 
timate tensile strength) for the 108-ton 
steel is 48.6 percent, a very satisfactory 
figure. This curve, the characteristics of 
which are closely reproduced in the 
lower curve relating to torsional stresses, 
affords a convenient measure with which 
to examine the other variables involved. 
The 0.4 percent: carbon steel, both in the 
normalized and spheroidized conditions, 
gives fatigue strengths which fall below 
the curve; neither structure has any 
clear ‘relative advantages in this respect. 
The 0.9 percent carbon steel, tested in 
the pearlitic condition, develops very 
poor fatigue properties. The effect of 
,embrittling the 3% percent nickel-chro- 
mium steel produces a definite, but quite 
small, ‘reduction in fatigue strength. In 
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the pair of steels chosen to have differ- 
ent compositions but practically the same 
tensile strength, the 314 percent nickel 
steel is slightly superior to the chro- 
mium-vanadium steel. 


Both cast irons develop uniquely high 
values of endurance ratio under each 
type of cyclic stress; for “Nicrosilal,” 
the values were 1.15 and 0.97 for re- 
versed bending and reversed torsion, 
respectively, the corresponding values 
for “Silal” being 1.05 and 0.95. The rela- 
tive difference in brittleness—actually 
very small as judged by the notched-bar 
impact test—has had little, if any, effect 
on fatigue resistance. 


Effect of Form of Specimen on Fa- 
tigue Resistance. Two materials—the 0.1 


' percent carbon steel (normalized) and 


the 3% percent nickel-chromium. steel 
(normal impact )—have each been tested, 
using: both solid and hollow specimens, 
over the range of seven stress conditions. 
Each material, in each form of specimen, 
conforms closely to the ellipse quadrant 
relation. ‘The “end-point” values were ;— 
0.1 percent carbon steel fatigue limits : 
Reversed bending 
+174 tons per sq. in, (solid) 
Reversed bending 
+ 17.5 tons per sq. in. (hollow) 
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Reversed torsion 
+ 9.85 tons per sq. in. (solid) 
Reversed torsion 
+ 9.15 tons per sq. in. (hollow) 
3% percent nickel-chromium steel 
(normal impact) fatigue limits: 
Reversed bending 
+ 35.0 tons per sq. in. (solid) 
Reversed bending 
+ 33.6 tons per sq. in. (hollow ) 
Reversed torsion 
+ 22.8 tons per sq. in. (solid) 
Reversed torsion 
+ 20.5 tons per sq. in. (hollow) 
The effect of substituting the hollow 
for the solid specimen is thus to reduce 
the bending values by 0 and 4 percent, 


and the torsion values by 7 and 10 per- 


cent respectively. The reason for these 
differences—the modifications in the 
conditions of stress and strain caused by 


‘super-elastic straining within the safe 


range of stress—has been fully discussed 
elsewhere.®: 

Having thus surveyed the scope and 
principal conclusions of the first stage 
of the research, we may turn to the 
second stage in which a start has been 
made on the exploration of the new 
field of combined fatigue stresses involv- 
ing four independent variables. 


STAGE 2. COMBINED FATIGUE STRESSES, EMPLOYING 
FOUR INDEPENDENT STRESS VARIABLES 


In this second stage of the investiga- 
tion it was required-to impose on the 
test specimen two further independent 
variables, static bending stress and static 
torsional stress, in addition to the two 
cyclic variables, reversed bending and 
reversed torsional stresses, previously 
explored; using the previous nomencla- 
ture, the four required variables were 
+f, +4, f,, and q,. The design and 
construction of a suitable moderately 
high-speed fatigue testing machine had 
first to be accomplished ‘and several 


different types were considered and car- 
ried to the stage of preliminary design ; 
it was finally decided to develop a ma- 
chine based in principle on the No. 1 
type of machine whose proved perform- 
ance, reliability, and constancy of cali- 
bration had been thoroughly satisfac- 
tory in every respect. A prototype was 
built that gave excellent performance 
under searching preliminary tests, and, 
with minor design modifications only, 
four machines were. constructed, and put 
to work on the program. 
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The intrinsic fatigue properties of the 
material tested, under various combina- 
tions of all four stress variables, have 
been determined using solid specimens ; 
to obtain data relating to the influence 
of some practical forms of discontinu- 
ity of section, it was decided, after con- 
sultation with the aircraft-engine indus- 
try, to carry out a similar program of 
tests on three series of specimens each 
containing one of the following: an oil 
hole, a small transition fillet, and a 
complete set of splines. 

The Testing Machine. Time will per- 
mit a very brief description * of the 
operating principles only of this ma- 
chine, which I will call “the No. 2 
Combined Stress Fatigue Testing Ma- 
chine.” The method of generating the 
cyclic loading moments—by the centrif- 
ugal forces of unbalanced weights at- 
tached to revolving disks driven by a 
synchronous motor—is exactly similar 
to that employed in the No. 1 type of 
machine. Similarly, the setting angle, 
6, between the vertical planes contain- 
ing the loading arm and the longitudinal 
axis of the specimen, determines the 
ratio of the imposed cyclic bending and 
torsional moments. Also, as in the sim- 
pler machine, a suspensory spring sys- 
tem takes care of the inertia of the re- 
maining vibrating and rotating parts. 
But, whereas in the No. 1 machine this 
was the sole function of the suspensory 
spring system, in the No. 2 machine 
initial deflections can be given inde- 
pendently to each pair of springs, which 
then impose on the specimen the re- 
quired static bending and, or alterna- 
tively, static torsional moment. The 
principle of the loading system is illus- 
trated diagrammatically in Fig. 10. The 
rear ends of each pair (right and left) 
of springs are held rigidly in a massive 
steel clamp which can slide, independ- 
ently, vertically (and horizontally) in a 
casting attached to the base plate; these 


clamps can be locked in any desired 
relative position corresponding to de- 
flections, d, and d,, as shown in Fig. 10. 
The required values of d, and d, are 
pre-set very precisely, using measuring 
microscopes and an accurate static cali- 
bration. Next, after setting the specimen 
to the required @ value, the lengths of 
the side-arms shown in Fig. 10 are ac- 
curately adjusted so as to bring the 
disk-axle back to an exactly horizontal 
position ¢ co-axial with fixed head-stock 


NORMAL POSITIONS 
LEVER ARM AND SIDE ARMS 
WHEN SPRINGS ARE UNSTRAINED. 


VERTICAL LOAD OUETO 
OUT OF BALANCE WEIGHTS W 


centers which provide a fixed datum line 
for the spring-loading system in rela- 
tion to the baseplate of the machine. 
The machine is then ready for use; the 
static bending and, or alternatively, 
static torsional stresses applied to the 
specimen being determined by the spring 
settings d, and d,, the ratio of f/q by 6 
and the actual values of f and q by the 
weights W and the (constant) speed of 
the revolving disk. Fig. 11 shows the 
general arrangement. 

Test Material. This was a nickel- 
chromium-molybdenum-vanadium steel 


* A detailed description of the machine and its calibration will be published elsewhere.* 


+ The final close adjustment of the axle height is effected by height and slip gauges from an accu- 
rately machined surface on the upper surface of the baseplate. 
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to B.S. Specification S65A for 65-ton 
nickel-chromium steel. To provide for 
future tests on full-sized specimens, a 
special 321%4-ton cast was made of this 
alloy steel. An interesting metallurgical 
investigation of one of the forty-seven 
ingots forming the cast has been pub- 
lished.22_ In addition to the extensive 
series of tests made on this steel in the 
No. 2 type machine, a series was put 
through on the No. 1 type machine; the 
results of the latter have been reported 
earlier in this address under the title of 
the “nickel-chromium-molybdenum steel 
(60-70 tons)” and the summarized par- 
ticulars of heat treatment, chemical com- 
position, etc., previously given, apply 
(see Tables 1, 2, and 3). To avoid con- 
fusion, the test material will be referred 
to in what follows as the “S65A steel.” 
The recorded tensile strength of 65 
(64.8) tons per sq. in. is the normal 
value for this steel, which possess ex- 
cellent ductility (67 percent reduction 
of area) and notched-bar Izod value 
(90 ft-lb.) The material exhibits a 
well-marked drop at the upper yield 
point of 61.3 tons per sq. in. Final ma- 
chining operations on all the test speci- 
mens were made after the rough-ma- 
chined blanks had been heat treated. A 
batch method of heat treatment was un- 
avoidable, but every precaution was 
taken to preserve constant conditions for 
each batch; nevertheless, small differ- 
ences within a batch were sometimes 
revealed, under the searching conditions 
of the fatigue tests, by “scatter” on some 
of the S/N diagrams. The amount of 
this scatter is not excessive for a heat- 
treated, high-alloy steel, for, of the 
seventy-one fatigue determinations made 
on the No. 2 machine, sixty are classed 
as “D”, nine as “LD”, and two only as 

Test Program. The program of com- 
bined stress fatigue tests divides natur- 
ally into two parts; that carried out on 
solid specimens of circular cross-section 
and that carried out on each of three 
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selected forms of discontinuity of sec- 
tion. 

(a) Tests on Solid Specimens. The 

form and dimensions of the specimens 
are shown in Fig. 3d. The fatigue limit 
of a metal under cyclic reversed stresses 
is dependent on the superimposed static 
stress, which can have any value be- 
tween zero and the ultimate strength of 
the material. In the present investiga- 
tion in which two kinds of superim- 
posed static stress, bending and shear, 
were to be explored, it was, therefore, 
necessary to select a series of values of 
each.kind of stress (bending or shear). 
It was decided to build a program 
around three values of each kind of 
superimposed static stress; also, to 
couple with each combination of these 
three values not more than five com- 
binations (i.e. five values of 9) of re- 
versed bending and reversed torsional 
cyclic stresses; the five values selected 
were 9 = 0, 29.7, 53.1, 75.9, and 90 deg., 
corresponding to + f/+ q = @ 
(q=0), 3%, 1%, and 0 (f=0). 
The maximum values of f, and q, 
selected were one-half the fatigue limits 
for repeated cycles of stress (in which 
the stress varied cyclically between zero 
and a maximum) under bending and 
torsion respectively. These repeated 
stress limits were determined experi- 
mentally in the No. 2 machine: their 
values were :— 

Repeated stress fatigue limit (bend- 
ing) — 0-69 tons per sq. in., ice. 
3414 + 

Repeated stress fatigue limit (tor- 
sion) = 0-44¥ tons per sq. in., ice. 
22% + 22%. 

Based on these results, the values of 
superimposed static stress selected for 
investigation were: f, = 34%, 17%, and 
0; qs = 22%, 11, and 0. The program 
built up round these static stresses is 
expressed schematically in Table 5. The 
nine squares, numbered in Roman nu- 
merals, each cover a series of combined 
stress fatigue tests in which the super- 
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Tasie 5. SCHEMATIC REPRESENTATION OF THE Test Pro- 
GRAMME out on Specimens 


Superimposed static bending stress, tons per sq. in. 


fi =9 
(20) 
Qi = 
=0) 


(28) fla = 1k 


OD (14) fig =0 


(15) fla = 0 


fia = 


VI fie =0 
fia=0| 08) fle 

vill IX 


Ofa=0 
vil 


imposed static stresses, given by the 
headings of the vertical and horizontal 
columns in which the particular square 
is situated, are held constant. In each 
square, the fatigue limits to be deter- 
mined are sufficiently specified by a- 
statement of the f/q ratio; each test is 
numbered for reference purposes. The 
importance of the stress combinations 
represented by squares I, V, and IX 
merited the full series of five values of 
reversed bending stresses/reversed tor- 
sional stresses: in the remaining cases, 
considerations of economy in the test- 
ing time and numbers of specimens led 
to smaller numbers, three for squares 
II and IV, two for squares III, VI, VII, 
and VIII. Each of the twenty-nine sepa- 
rate fatigue limits involved was deter- 
mined, on one of the No. 2 type ma- 
chines, by the usual method of endur- 
ance testing on a minimum basis of 10° 
cycles. As with the No. 1 type machine, 
a trip gear stopped the machine when a 
sensible increase occurred in the cyclic 
range of strain of the specimen; all tests 


were thus stopped in the very early stag 
of fatigue cracking. 
(b) Tests on Specimens Containing 
Discontinuities of Section. The three 
types* of specimen are :— . 


THollow specimen -having a drilled 
radial oil hole, to Fig. 3e. 
Hollow specimen having a transition 
fillet of small radius, to Fig. 3f. _ 
Hollow specimen having six deep 
splines, based on British Standard 
Specification, No. 46, Part 2, 1929, 
’ Table 14, U.K. Fit., to Fig. 3g. 


On each type, the test program shown 
in Table 6 was carried out. After the 
explanation of the previous table, Table 
6 will be self-explanatory. It was con- 
sidered unnecessary, from practical de- 
sign considerations, to explore values of 
f, and q, greater than 17% and 11 tons 
per sq. in. respectively. In these series 
of tests, except where otherwise stated, 
all values of f, q, fs, and qg,, refer to 
nominal stress values, calculated in the 
usual way without reference to the stress 
concentration effect produced by the 
discontinuity: that is discussed sepa- 
rately. 


(10) fig = 14 


(9) fig = 
(14) fig = 3 
(© fla =0 
|! 


IV 


O 


*A4 hollow form of specimen was adopted as representing a nearer approach to a practical engine 


component in which such discontinuities are presen 


t. The results may not be strictly comparable with 


the intrinsic fatigue strength of the material as exhibited by solid specimens, but these hollow speci- 
mens are “thick-walled” and the “form” effect is probably small. it is certainly very small in com- 
parison with the reduction in strength due to the discontinuity. 


+ When under test, all specimens containing the oil-hole were mounted in the fatigue testing ma- 
chine'so that the axis of the hole lay exactly in the vertical plane of the applied bending moment. The 
splined-shaft specimens were all mounted so that this plane passed through the centers of an opposite 


pair of spline crests, although preliminar 
was obtained with the specimens mounte 


fatigue tests had, in fact, shown that the same fatigue limit 
in the alternative position in which the vertical plane of the 


applied bending movement passed through the centers of an opposite pair of spline troughs. 
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RESULTS AND CONCLUSIONS 


Solid Specimens. Each individual test 
is identified by the quoted reference 
number from Table 5. 

Commencing with the influence of 
superimposed static stress, of a similar 
and dissimilar type (bending and tor- 
sion) singly and in combination, on the 
fatigue limits under simple reversed 
bending and torsional stresses, the re- 
sults merit detailed examination as they 
determine the two-dimensional frame- 
work on which this field of combined 
stresses will be erected ; for this purpose, 
Fig. 13 has been prepared. Fig. 13a 
shows the effect on the fatigue limit 
under simple reversed bending stresses: 
Fig. 136 shows the effect on the fatigue 
limit under simple reversed torsional 
stresses. 

Consider first the influence of similar 
types of stress. In Fig. 13a, the reversed 
bending fatigue limit is + 37.8 tons 
per sq. in. (test 1) ; superimposing static 
bending stresses only of 17% and 34% 


1217-25 TONS PER 5Q, IN. 
J,= 34S TONS PER SQ. IN. 


RANGE OF REVER.LO BENOING TONS PER SQ. 
1 i 


> 


tons per sq. in., reduces the fatigue limit 
to values of + 35.8 (test 2) and + 34.5 
tons per sq. in. (test 3), a maximum 
reduction of 8.7 percent only. In Fig. 
13b, the reversed torsional fatigue limit 
is + 24.0 tons per sq. in. (test 4); 
superimposing static torsional stresses 
of 11 and 22% tons per sq. in., reduces 
the fatigue limit to + 22.0 (test 5) and 
+ 22.2 tons per sq. in. (test 6), a maxi- 
mum reduction of 8.3 percent only. Thus 
the effect of superimposing quite high 
values of static stresses of the same kind 
is definite but quite small, and this is an 
important characteristic from the gen- 


eral design aspect. It would be idle to 


attempt to express in terms of stress 
only the shape of these M/R curves 
for this material, for it is well estab- 
lished that the M/R relation varies both 
with the material under test and the 
type of applied stressing. With increas- 
ing values of M, the value of R dimin- 
ishes, in general much more rapidly for 


G=SEMI-RANGE OF REVERSED TORSIONAL 
STRESS — TONS PER SQ. IN. 


J,= SUPERIMPOSED STATIC BENDING STRESS —TONS PER SQ. IN. 


a 


e tons per sq. in. @ 


5 © ” ” 
» 


0 
STATIC TORSIONAL 
STRESS—-TONS PER SQ. IN, 


5 


TONS PER SQ, IN, 
2225 TONS PER SQ, IN. 


The encircled figures are the test reference numbers as stated in Table 5. 
Fig. 13. Effects of Superimposed Static Stresses, Singly and in Combination, on the Fatigue Limits under Reversed Cyclic 
Stresses. Solid Specimens, S65A Steel 
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soft, ductile non-ferrous metals than 
with steels, and more sharply under di- 
rect stresses than with flexural or tor- 
sional stresses for most metals and 
alloys; the shape of the static load- 
elongation diagram to fracture is also 
a factor. Nevertheless, as far as en- 
gineering steels are concerned, the effect 
of mean stress is much less than is often 
assumed. As an extreme example, a 
series of tests? made on a dead-mild 
steel under cyclic direct stresses may be 
recalled: the results are summarized in 
Fig. 14a. Under the extensive series of 
stress ranges which yielded the six fa- 
tigue limits represented by the points A, 
B, C, D, E, and F, the elastic limit and 
yield point of the material were exceeded 
and the ultimate tensile strength very 
closely approached; very considerable 
deformations of the specimens occurred. 
Yet, until the maximum stress of the 
cycle was nearly equal to the ultimate 
tensile strength, the drop in fatigue 
strength, although quite definite, was 
surprisingly small; neither the “Gerber 
parabola” nor the linear “modified Good- 
man relation” predicts the fatigue resist- 
ance of this material. In fact, one would 
not expect any such relations to have a 
general application even to the group of 
engineering steels: the result of a 
study 82. of deformation characteris- 
tics of metals, using X-ray precision 
methods, leads to the conclusion that the 
total damage suffered is probably di- 
rectly attributable to the combined ef- 
fects of the applied range of stress and 
the damage caused to the crystalline 
structure by the deformation due to the 
maximum stress of the cycle; the latter 
factor involves the stress-strain de- 
formation characteristics of the ma- 
terial. Thus, viewed against this back- 
ground, it is not surprising to find that 
the present S65A steel, with its high 
ratio of yield/ultimate tensile strength* 
and especially when tested under flex- 
ure and torsion, shows relatively small 


n 


(HOHENEMSER AND PRAGER) 


Y 


» » ry 
STATIC BENDING STRESS — TONS PER $Q. 


Q = torsional modulus of rupture = 57-3 tons per sq. in. 


Effect of static 
e : stress on fatigue limit under reversed 


F = ultimate tensile = 648 ihn. 
Fig. 14. Effect of Mean Stress (Mild Steel and S65A 

and Comparison with Certain Criteria _ 


drops in fatigue resistance under even 
very high values of applied static 
stresses of similar kinds. 

In Fig. 13, the influence of dissimilar 
types of static stress, also of combina- 
tions of similar and dissimilar types, 
merit detailed scrutiny. Tests 1, 7, and 
8 on Fig. 13a show the effect of impos- 
ing static torsional stresses on the re- 
versed bending fatigue limit; adding 11 
and 22% tons per sq. in. reduces the 
fatigue limit from + 37.8 tons per sq. 
in. (test 1) to + 35.6 (test 7) and 
+ 35.0 (test 8) tons per sq. in. respec- 
tively, a maximum reduction of 7.4 per- 


* The values of the upper yield point and tensile strength of this material were, respectively. 61.3 
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and 64.8 tons per sq. in. 


ULTIMATE STRENGTH 
GERBER PARABOLA 
= MODIFIED GOODMAN 
i RELATION 
5 
Be 
4 v “ 
MINIMUM STRESS OF CYCLE — TONS PER IN, 
8 
i. 
™ 
2 
3 (DAVIES, NIMMANMIPNE AND HUTT) 
GP SUPERIMPOSED STATIC TORSIONAL STRESS— TONS PER SQ. IN 
resistance of normalized mild under 
@ Fatigue steel cyclic direct 
6 Effect of static torsional stress on fatigue limit under reversed . 
bending stresses (S65A steel). 
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cent only. From Fig. 130, the effect of 
adding 17% and 34% tons per sq. in. 
bending stress reduces the reversed tor- 
sional fatigue limit from + 24 tons per 
sq. in. (test 4) to + 20.2 (test 13) and 
+ 18.4 (test 14) tons per sq. in., or a 
maximum reduction of 23.4 percent, an 
appreciable amount which is, in fact, the 
greatest reduction produced by any com- 
bination of superimposed static stresses 
used in the investigation. These two 
series of tests may be compared with 


certain criteria which have been stg- - 


gested... 
Davies, Nimhanmimie,.and Huitt? 
made some tests on mild steels and alloy 


steels to study the effect of static: tor-. 


sion superimposed on reversed bending 
stresses and obtained results which fitted 
closely to the Pe relation 
-where + f = safe range of direct stress 
due tothe cyclic bend- 
ing stresses ; 
4s corresponding superim- 
posed static torsional 
stress ; 


+ f,—= fatigue range under re-, 
versed bending stresses 


only; and 
QO = ultimate static torsional 
strength. 


Fig. 14b shows the above expression 
plotted in relation to the strength prop- 
erties of the S65A steel, together with 
the actual results of tests 1, 7, and 8: 
these results do not conform to the 
proposed relation. Hohenemser and 
Prager investigated the effect of static 
tensile stress superimposed on alternat- 
ing torsional stresses, using a mild 
steel. They found their results conformed 
‘to the ellipse quadrant relation 


where + q = fatigue limit of cyclic 
shear stress; 


f, = superimposed static ten- 
sile stress; 
F = ultimate tensile strength; 
and 
+ q, fatigue range under re- 
versed shear stresses 
only. 


The conditions of the present test are 
not quite comparable, as static bending 
stresses have been employed in place of 
the static direct stresses used by 
Hohenemser and Prager. As a matter 
of interest, however, an ellipse quad- 
rant has been drawn in Fig. 14c, drawn 
through, the point F denoting tensile 


,ultimate strength, as, the bending ulti- 
“mate strength of S65A is not determin- 


ate. The results of tests 4, 13, and 14 are 
shown on the diagram but do not con- 
form to the quadrant relation shown. 


. The remaining test data plotted on 
Fig. 13 relate to combinations of super- 
imposed static stresses of dissimilar 
kinds. In Fig. 13a, tests 9 and 10 show 
that adding torsional stresses of either 
11 or 22% tons per sq. in. to a pre- 
viously applied bending stress of 17%4 
tons per ‘sq. in. produces no appreciable 


‘additional reduction in the value of the 
fatigue limit under reversed bending 


stresses. A greater effect is produced 
when either of these same torsional 
stresses are superimposed on a static 
bending stress of 3414 tons per sq. in 
as shown by tests 11 and 12; the most 
severe stress conditions of test 12, i.e., 
34% tons per sq. in. bending allied with 
22% tons per sq. in. torsion, reduces 
the original reversed bending fatigue 
limit from = 37.8 (test 1) to + 30.6 
tons per sq. in., a total reduction of 19.1 
percent only. Fig. 13b shows the same 
general effect on the reversed torsional 
fatigue limit, as disclosed by the results 
of tests 15, 16, 17, and 18. The most 


‘severe stress conditions of test 18, i.e. 


34% tons per sq. in. bending allied with 
22% tons per sq. in. torsion, reduce the 
original reversed torsional fatigue limit 


¢ See discussion (p. 66) of paper by Gough and Pollard.* 
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from + 24 (test 4) to + 19 tons per 
sq. in., a reduction of 20.8 percent. 

Reviewing this complete series of re- 
sults, one finds the data are satisfac- 
torily regular and consistent and can 
reliably be used, by interpolation, to de- 
duce the safe range of reversed bending 
or reversed torsional stress under any 
required combination of superimposed 
static stresses within the wide limits in- 
vestigated. That part of the combined 
stress field has, therefore, been satis- 
factorily surveyed for design purposes 
in regard to the S65A steel; the same 
general trend of results would probably 
be exhibited by other high yield-ratio 
alloy steels of this type. The effect of 
the addition of one static stress, or a 
combination, is quite definite and regu- 
lar, but the amount of the reduction, 
caused even by static stresses which are 
high in relation to the ultimate strengths 
of the material, is relatively small. ‘he 
effect of superimposing static bending 
stresses on cyclic torsional stresses is 
more damaging than that of static tor- 
sional stresses imposed on cyclic bend- 
ing Stresses. 

"We can now consider the results of 
those series of tests in which the values 
of the static stresses are held constant 
and the fatigue strength is determined 
under various combinations of cyclic 
bending and torsional stresses. 

There are three principal series in 
each of which the fatigue ranges have 
been determined for five values of f/q; 
these are shown in squares I, V, and IX 
of Table 5, the superimposed static stress 
system held constant during each series 
being: f,=0, g,=0 (series I); 
fe 17%, ag ll (series. V); 
344, q, = 22% (series IX). The cyclic 
bending and shearing stress components 
of these at the fatigue limits are plotted 
in Fig. 15a. Using the method of least 


squares, the best fitting ellipse quadrant: 


has been drawn for each series of data; 
the corresponding ellipse arcs are also 
shown for series I and IX. In series I, 
the data conform closely to the ellipse 


quadrant. curve; the quadrant and the 
are are not. widely separated, but the 
quadrant provides the better fit. The re- 
sults of this series, in which the mean 
stress of each kind of stress cycle. has 
zero value, thus provide a further con- 
firmation of the previous general in- 
vestigation of stage I, i.e. that the f/q 
relation of ductile steels, when tested in 
the form of specimens free from dis- 
continuities of section, is represented 
by an ellipse quadrant. It will be seen 
from Fig. 15a that the results of series 
V, when static stresses (f, = 17%, 
4s = 11) are in operation, is also closely 
represented by the corresponding ellipse 
quadrant: it is unnecessary to show the 
corresponding ellipse arc as this obvi- 
ously cannot provide so good a fit to the 
test data as the quadrant. The. data of 
series IX (f, = 34%, q,== 22%) are 
somewhat irregular but; within the ac- 
curacy of these data, are satisfactorily - 
represented by the quadrant; -in this case 


SEMI-RANGE OF SHEAR STRESS OUE 
TO TORSION, TONS PER 3Q. IN, 


292 


2 
58 
$ 
= oF DIRECT STRESS DUE TO 
— TONS PER SQ. IN. tise tne 
<teamkiced IX of Table 5. 
——— — Ellipse arcs. 
b Test sections II and IV of Table 5. 
Ellipse quadrants. 


—— — — Curve reproduced from Fig. 15a, for comparison. 


Fig. 15. Effect of Superimposed Static Stress on the 
ne Relation. S65A Steel, Solid Specimens m 
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the arc and quadrant are not widely 
divergent and either curve could, with- 
out serious error, be said to fit the irreg- 
ular data; but, in view of the weight 
of evidence now obtained that solid 
specimens of the ductile steels conform 
much more closely to the quadrant rela- 
tion, it is justifiable to assume that, in 
this case also, the quadrant relation 
holds. 

Thus, a further and most important 
conclusion emerges from these tests. The 
effect of superimposing up to very con- 
siderable values of static bending and 
torsional stress merely affects the actual 
values of the “end-points” b and t; the 
f/q relation remains the ellipse quad- 
rant : when these “end-point” values have 
been determined experimentally for any 
required values of f, and q,, the fatigue 
limit for any required ratio f/q is 
simply calculated, a fact which should 
be of considerable value for design pur- 
poses. As reliable data regarding the 
M/R relations of many metals and al- 
loys are already available in the litera- 
ture, rational design of many engineer- 
ing components should now be facili- 
tated merely by use of published data 
and the principles now established. 

The above discussion has included 
the results of all the tests shown in 
Table 5 with two exceptions—tests 28 
and 29. Clearly, no definite conclusions 
can be drawn regarding the form of 
the f/q relations under the static stress 
conditions of series II and IV as, in 
each case, only three fatigue ranges have 
been determined. But these results are 
worth a brief examination and they 
have been plotted to give Fig. 15b. An 
ellipse quadrant has been drawn through 
each pair of “end-point” values. In series 
II (f,=17%, q,—0), test point 28 
falls well outside the relevant quadrant, 
which, therefore, provides a safe design 
basis, while in series IV (f, = 0, a= 
11) test point 29 is very close to its 
predicted curve. It can certainly be said 
that, making allowance for small varia- 
tions in the physical properties of the 


steel from batch to batch, there is 
nothing in these isolated tests to throw 
serious doubt on the general applicability 
of the ellipse quadrant to any values of 
f, and q, within the wide limits in- 
vestigated. 

Specimens Containing Discontinuities 
of Section. Each individual test will be 
identified by the reference number in 
Table 6. 

(a) Effect of Superimposed Static 
Stresses, Singly and in Combination on 
the Fatigue Limits under Reversed Cy- 
clic Stresses. The data relating to the 
tests made on specimens containing a 
radial hole are plotted in Fig. 16a and b. 

In Fig. 16a, the fatigue limit under 
simple reversed bending stresses is 
+ 16.8 tons per sq. in. (test 1): this 
value is slightly reduced to + 15.4 tons 
per ‘sq. in. (test 2), ie. by 8.3 percent, 
by superimposing a static bending stress 
of 17% tons per sq. in. The further 
addition of a static torsional stress of 
11 tons per sq. in. (tests 3 and 4) to 
each of these conditions, produces no 
appreciable further reduction. In Fig. 
16b, the fatigue limit under reversed 
torsional stresses is + 11.7 tons per sq. 
in.: imposing a static torsional stress 
of 11 tons per sq. in. reduces this value, 
by 3.4 percent only, to + 11.3 tons per 
sq. in. (test 7): the further addition of 
17% tons per sq. in. static bending 
stress has no appreciable effect, the 
recorded fatigue limit being + 11.2 
tons per sq. in. (test 8). The effect of 
adding a static bending stress of 17% 
tons per sq. in. only reduces the simple 
reversed torsional limit from + 11.7 
tons per sq. in. (test 5) to + 11.0 tons 
per sq. in. (test 6), ie., by 6 percent. 

The data relating to the fillet speci- 
mens have similarly been plotted in Fig. 
16c and d. As shown in Fig. 16c, the 
fatigue limit under simple reversed 
bending stresses is ++ 22.5 tons per sq. 
in. (test 1) and superimposing a static 
bending stress of 17% tons per sq. in. 
(test 2) has no effect. The further addi- 
tion of a static shearing stress of 11 
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¢ and d Specumens with small fillet. 
e¢and Specimens with splined shafts. 
The encircled figures are the test reference numbers as stated in Table 6. 
Fig. 16. Effects of Superimposed Static Stresses, Singly and in Combination, on the Fatigue Limits under Reversed 
Cyclic Stresses (S65A Steel) 


tons per sq. in. reduces the fatigue limit 
to + 20.6 tons per sq. in. (test 4), or a 
total reduction of 8% percent. Super- 
imposing a static torsional stress only 
of 11 tons per sq. in. apparently slightly 
raises the fatigue limit to + 23.4 tons 
per sq. in. (test 3) but this result must 
be due to slight differences in the ma- 
terial and it can be assumed that this 
static stress has, in fact, no effect. In 
Fig. 16d, the fatigue limit under simple 
reversed torsional stresses is + 17.5 
tons per sq. in. (test 5) : superimposing 
a static shear stress of 11 tons per sq. 
in. apparently raises the fatigue limit 
slightly to + 17.9 tons per sq. in. (test 
7) which can also be ignored as a real 


effect. A static bending stress of 17% 
tons per sq. in. reduces the fatigue limit 
to + 15.8 tons per sq. in. (test 6), while 
the combined effect of imposing 17% 
tons per sq. in. static bending and 11 
tons per sq. in. static torsional stress 
reduces the fatigue limit to + 14.9 tons 
per sq. in. (test 8)—14.9 percent total 
reduction. 

Lastly, in Fig. 16e and f are plotted 
the data relating to the' splined shaft 
specimens. The fatigue limit under sim- 
ple reversed bending stresses, + 36.5 
tons per sq. in. (test 1) is slightly re- 
duced to + 34.8 tons per sq. in. (test 
2), i.e, by 4.7 percent, by superimpos- 
ing 17% tons per sq. in. in static bend- 
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ing stress; the further addition of 11 
tons per sq. in. static shear produces no 
further reduction (test 4). This shear 
stress acting alone reduces the fatigue 
limit to + 34.6 tons per sq. in. (test 3), 
a reduction of 5.2 percent. In Fig. 16f, 
the fatigue limit under simple reversed 
shearing stresses is reduced from 
+ 12.0 tons per sq. in. (test 5) to 
+ 11.5 tons per sq. in. (test 7), ice., 
by 4.2 percent, by superimposing 11 tons 
per sq. in. static torsional stress, and 
the further addition of 17% tons per sq. 
in. static bending stress produces only a 
very slight further reduction to + 11.3 
tons per sq. in. (test 8), or a total re- 
duction of 5.8 percent. Adding 17% tons 
per sq. in. static bending stress alone 
has no effect on the fatigue limit under 
simple reversed shearing stresses. 

To summarize, these results show that 
in the presence of a radial hole, the effect 
on the fatigue limits under reversed 
bending or torsional stresses of super- 
imposing static stress of either kind 
singly or both kinds simultaneously is 
small; the maximum reduction in fa- 
tigue strength is 8.3 percent. When a 
small transition fillet is present, the 
effect of the superimposition is more 
definite, particularly on the reversed 
torsional fatigue limit, which suffered a 
maximum reduction of 14.9 percent. 
The effect of superimposing the same 
values of static stresses on the model 
splined shafts was extremely small, the 
maximum reduction in fatigue strength 
being 5.8 percent. It will be seen, how- 
ever, that these same forms of discon- 
tinuity are very sensitive to cyclic 
stresses and this entirely different re- 
sponse to static and cyclic stressing is 
of the greatest significance to design; 
the majority of fatigue failures in prac- 
tice occur at such discontinuities of con- 
tour or cross-section. 

It is convenient first to discuss the 
stress-concentration effects caused by 
the three forms of discontinuity before 
examining the form of f/q relation dis- 
closed by the test data. 


(b) Theoretical and Actual Effects 
of the Discontinuities on Fatigue 
Strength. (1) Radial Oil Hole. The 
stress system and theoretical stress con- 
centration factor produced by the pres- 
ence of a cylindrical hole have attracted 
the attention of many investigators us- 
ing analytical, photo-elastic and strain 
measurement methods. Many of the 
cases investigated relate only to thin 
plates subjected to simple stressing ac- 
tions, but a consideration of selected 
investigations has enabled approximate 
estimates to be made of values of K; 
which probably relate sufficiently closely 
to the present stress system and form of 
specimen as to afford a useful compari- 
son of theory and experiment. As shown 
by Kirsch,** under uniform tensile stress 
and at the boundary of the hole, two of 


‘the principal stresses vanish, the third 


principal stress—a circumferential ten- 
sile stress—operating on a plane con- 
taining a diameter of the oil-hole. Cox,** 
in the course of a general investigation 
into the effect of elliptical holes, has 
extended this case to that of combined 
direct stress and shear and shown that, 
when these stresses become reversed cy- 
clic stresses, the analysis reveals that the 
limiting condition for failure is such 
that the f/q relation should be an ellipse 
are. Further, ‘if fatigue failure occurs 
on the plane subjected to the greatest 
range of principal stress, then, by the 
analyses of Kirsch and Cox, the fatigue 
cracks should be initiated at the bound- 
ary of the oil-hole on a plane making an 


‘angle of 4%4@ with a transverse section 


of the specimen. In the present tests the 
inclination of the trace of every fatigue 
crack at its point of initiation was meas- 
ured and the agreement with the value 
of 146 was so close that there is little 
doubt that the plane of fracture is as 
indicated by theory. 

The work of Kirsch and Cox relate 
to the assumed conditions of a hole hav- 
ing a diameter infinitesimally small in 
relation to the specimen size; other in- 
vestigators have shown that the value of 
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the theoretical stress-concentration fac- 
tor, K;, is dependent on the ratio of the 
diameter of the hole, d, to that of the 
specimen, D. The actual values of K; 
given by the analyses of Kirsch and Cox 
are not, therefore, directly applicable, 
but consideration of the work of 
Frocht,?>»?6 Wahl and Beeuwkes,?? 
Peterson and Wahl!2, Thum and Kirm- 
ser,** indicates that the following ap- 
proximate values apply to the present 
specimen, 


d 
where p= Yoi— 


K, (reversed bending 

stresses ) = about 2.5-2.7, say, 2.6. 
K;, (reversed torsional 

stresses ) = about 2.0. 

In the present specimens, the intersec- 
tion of the oil-hole with the outside sur- 
face of the shaft is rounded off with a 
small radius, but this radius would not 
be expected to have any appreciable 
strengthening effect: its value in prac- 
tice is to remove machining burrs, as 
these would cause a definite reduction in 
fatigue strength. For comparison of K, 
with the actual reduction in fatigue 
strength caused by the presence of the 
oil-hole, the experimental values of the 
Fatigue Strength Reduction Factor, K,, 
are listed in Table 7, where the figures 
in brackets refer to the test reference 
numbers of Table 6. As Ky is obtained 
by dividing two experimentally deter- 
mined quantities (fatigue strength of 
solid specimens/fatigue strength of 
specimens with oil-hole) each of which 


TABLE 7. FaTiGue STRENGTH ReDucTION Factors, Ky: 
SPECIMEN WITH OIL-HOLE 


is sybject to errors arising from small 
variations in material, which may be 
cumulative, large variations in K, might 
occur. In spite of this, the values for 
each value of @ are remarkably con- 
stant, leading to two main conclusions: 

That the average value of K, for 

reversed bending stresses is about 2.25 

and 1.95 for reversed torsional stresses, 

with a fairly regular change between 
the end values. Comparison with the 
approximate values of K, (2.6 for 
bending, 2 for torsion) shows that 
the presence of the oil-hole produces, 
in this steel, a. reduction in fatigue 
strength such that K,;/K; = 86% and 

971% percent respectively; the theo- 

retical effect is largely realized. 

That the value of K, is determined 
primarily by the applied cyclic stresses 
and is not appreciably affected by the 
superimposed static stresses—a very 
important conclusion, suggested per- 
haps by general knowledge of fatigue 
characteristics. 

(2) Small Transition Fillet. Nearly 
all the specimens failed similarly, by a 
transverse’ crack situated at the junc- 
tion of the fillet with the parallel central 
portion of the test-piece or slightly re- 
moved from that junction and within 
the fillet. 

By strain-measurements, photo-elastic 
methods, and the use of the electrical 
analogy, the work of Peterson and 
Wahl,!? Frocht,2> and Jacobsen? indi- 
cates the following approximate values 
of the stress-concentration factor for 


TABLE 8. FATIGUE STRENGTH REDUCTION Factors, Ky: 
SPECIMENS 


uperumposed | Values of Ky (uncorrected) 
static stress, 
tons per sq. in. | 
Torsion, | @ = 0 |@=297 6=90 
a 
| 223 223 | 195 | 205 
) (9) 14 5 
173 0 2:32 ie 
(2) (10) (6) 
0 2:12 2:30 - 1-95 
(3) (7) 
174 2:35 2:62 1:75 
(4) (12) (8) 
Average values | 226 | 249 | 239 | 195 | 191 


Superimposed Values of Ky (uncorrected) 
Static stress, 
tons per sq. in. 
Bending Torsion, | @=0 @=90 
ds 
0 | 133 | 137 | 139 
17} 19 | — 
(4) (12) (8) 


Average values | 1-63 1-77 1-61 1:37 1:30 
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the form and dimensions of the present 
fillet specimens :— 

K, (reversed bending stresses) = 2.1. 

K;, (reversed torsional stresses) = 1.6. 

The experimental values of Ky are 
listed in Table 8. If the average uncor- 
rected values of K, for reversed bend- 
ing and reversed torsional stresses are 
taken as 1.65 and 1.35 respectively, or 
K,/K;= 78% and 84% percent, the 
agreement with approximate theory is 
not quite as close as with the oil-hole. 
But, as when the oil-hole was present, 
the previous conclusion again emerges 
clearly, that the effect of the superim- 
posed static stresses is extremely small, 
the cyclic stresses being primarily re- 
sponsible for the reduction in strength. 

(3) Six Splines. The case of the 
splined shaft is of very special interest. 
When tested under reversed bending 
stresses, theoretically no stress concen- 
tration effect is present: under reversed 
torsional stresses, a marked reduction in 
strength should occur; somewhere be- 
tween 6 = 0 deg. and 6 = 90 deg., 
therefore, a marked change, of a dis- 
continuous nature, should occur in the 
method of failure and the fatigue resist- 
ance, not a gradual change as in the case 
of the oil-hole and fillet. Very definite 
visual evidence of this was afforded by 
the method of cracking of the specimens. 
All specimens tested at 6 = 0 deg. and 
@ = 29.7 deg., entirely irrespective of 
the nature and amounts of the superim- 
posed static stresses, failed by trans- 
verse fatigue cracks which commenced 
at the crest of a spline and propagated, 
with slight deviations, on the same trans- 
verse plane. But at @ = 53.1, 75.9, and 
90 deg., every fatigue crack started at 
the inner corner of a spline as a shear 
failure and followed that longitudinal 
direction for some distance before deteri- 
orating into a transverse fracture. 

Cox*® has made an analytical study 
of the torsion of long uniform shafts 
containing discontinuities, including 
splines. He found that the stress con- 
centration factor at the inner corner of 


a spline, representing as it does a form 
of half-groove, is given, approximately by 


(: + vs), where d is the depth of 


the spline and r is the average radius of 
curvature of its root. In the present 
case, d is 0.03315 inch and r is 0.0075 
inch, giving K;—= 2.1: the analysis re- 
lates to a long shaft free from restraint; 
the end restraint present in the combined 
stress specimens may tend to reduce the 
value of K;. 


Taste 9. Fatigue StrReNGTH REDUCTION Factors, 
Suarts 


Values of Ky (uncorrected) 


ing,| Torsion, | @ = 0 =759| =90 


1-04 1-09 1-47 1-76 20 
(13) (9) (4) (5) 
17% 1-03 1-56 1-66 
(2) (10) (6) 
il 1-03 1-51 — |1-86/1-96 
(3) ab 
17% il 1-03 - 1 — |1-67/1-83 
(12) 


Average values 1-03 109 151 1-76 1-83 


The uncorrected experimental values 
of K; are listed in Table 9. Under re- 
versed bending stresses (9 = 0 deg.), 
the experimental values of K; are very 
near to unity, while the single result at 
9 = 29.7 deg. also shows almost a com- 
plete absence of stress concentration 
effect ; this is in accordance with the ob- 
served nature of the fractures. But an 
unmistakable reduction in strength oc- 
curs at 9 = 53.1 deg. and a greater one 
at 6 = 75.9 deg.; under reversed tor- 
sional stresses (9 = 90 deg.), the fa- 
tigue resistance of the material is re- 
duced to, approximately, half its intrin- 
sic strength by the presence of the 
splines. Comparison with the approxi- 
mate value of K; (< 2.1) indicates that 
the full theoretical effect is approached. 

As with the oil-hole and the fillet, the 
reduction in fatigue strength caused by 
the discontinuity is primarily due to 
the applied cyclic stressing; superim- 
posed static stress has little effect. 

The actual and comparative effects on 
the fatigue strength of the material 
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33 


(0 =@57) 


VALUES OF FATIGUE STRENGTH REDUCTION FACTOR, K 


CHAS OVER AT SOME VALUE 
oF BETWEEN 2%7 AND 


VALUES OF O—DEGREES COTO) 

Corrected values for test series where f, = g, = 0. 
= fatigue notch-tensitivity index = 


Discontinuity 


Oil hole . . 26 20 
Fillet. 21 16 
Splines. - . 10 


Fig. 17. Fatigue Strength Reduction Factors for Three 
Forms of Discontinuity (S65A Steel) 


caused by the three forms of discontinu- 
ity investigated—the oil-hole, the fillet, 
and the splines—on this S65A material 
are shown in Fig. 17 where corrected 
values of K; are plotted: the corrections 
have been made by using values cal- 
culated on the assumptions that the f/q 
relation for solid specimens is the ellipse 
quadrant, the ellipse arc throughout for 
the oil-hole and the fillet specimens, and 
a combination of the quadrant and arc 
—referred to later—for the splined 
shafts. All three curves relate to series 
I, Table 6, where f, = g, = 0. 

(c) The Form of the f/q Relation in 
the Presence of a Discontinuity. (1) Oil 
Hole. The results of the five tests of 
series I (Table 6), in which no static 
stresses were superimposed, are plotted 


SION —TONS PER SQ IN (NOMINAL) 


DEMLRANGE OF SHEAR STRESS DUE TO 


Fig. 18. f/q Relation for Specimens with Oil Hole (S65A Steel) 


in Fig. 18. The relevant ellipse quad- 
rant and arc, drawn through the end- 
points, are shown. Tests 13 and 14 seem 
to be irregular but, if this is ascribed 
to small variations in the material, the 
ellipse arc certainly provides the best 
fit for the series and will be taken to 
represent the f/q relation. There re- 
mains for examination the results of 
series II, III, and IV of Table 6, in each 
of which three fatigue limit determina- 
tions only were made. In each case, the 
experimental value of the intermediate 
test point (@ = 53.1 deg.) is compared, 
in Table 10, with the calculated value 
of the radial ordinate of the quadrant 
and arc drawn through the experimental 
end-points: expressing the results in 
terms of maximum shear stress is a con- 
venient way of making the comparison. 
The data fit the arc better than the 
quadrant: in two cases (tests 10 and 11) 
the deviation from the arc value does 
not exceed the accuracy of the deter- 


10. INFLUENCE OF STATIC Stress 
SPECIMENS) 


Series 


tons |ratio| tans ratio; tons | ratio 
per 
| 


Il: 

10 | +86 | 100 | | 109 | +847 | 98-5 
0, geil} 1 | £90 | 100| +9-92/| 110 | +9-35| 106 
= 12 | £7-7 | 100 | 49-42 | 122 | £8-76 | 114 


677 


y 
10. 
f Ww 
t ‘ N 
2 
t 
‘ 
” £f = SEMLRANGE OF DIRECT STRESS DUE TO 
| a BENDING —TONS PER SQ. IN. (NOMINAL) 
(9=083) ——— Ellipse arc drawn through “end-poin 
= —— — Ellipse quadrant drawn through “‘end-points’’. 
Ky, 
n 
ro 
Approximate values of theoretical stress 
concentration factor, K; 
Keversed bending Reversed torsion 


mination; the, deviation is more serious 
by 14 percent, in the third. Although 
more data must be obtained before defi- 
nite conclusions are drawn, tests 10 and 
11 support the view that when static 
stresses are superimposed, the ellipse arc 
satisfactorily represents the f/q relation 
when the discontinuity is present. 

(2) Small Fillet. The five test re- 
sults of series I (Table 6), in which no 
static stresses were superimposed, are 


2175 


—TON, PER 


= MMLPANGE OF Setar 
4 


NOING—TONS PER SQ. IN. 


drawn th 
bjt = 1-286. =% = 0. 


Fig. 19. {/q Relation for Specimens with Small Fillet 
(S65A Steel) 


plotted in Fig. 19. One point. (test 13) 
falls very close to the arc, tests 9 and 
14 between the two curves. The ellipse 
arc provides the better fit and a safer 
guide to design and may be accepted as 
a satisfactory’ relation. The intermedi- 
ate points of series II, III, and IV, in 
which static stresses were in operation, 
are briefly examined, as before, in Table 
11. The ellipse arc is definitely the bet- 
ter fit and none of the deviations from 
the arc values is serious. The ellipse arc 
thus affords a satisfactory basis for de- 
sign even when considerable’ static 
stresses are imposed. 

(3) The Splined Shaft. The five test 
results of series I (Table 6), in which 
‘no static stresses were in operation, are 
plotted in Fig. 20. As discussed previ- 
ously, the fractures showed that at values 
of 6 = 0 and 29.7 deg., and also prob- 
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‘ably up to some higher, and unknown, 
value, failure did not occur due to the 
stress concentration effect of the splined 
contour; hence, from all previous ex- 
perience of ductile steels tested in the 
form of solid specimens, tests 1 and 13 
should conform to an ellipse quadrant; 
the same value as found for solid plain 
specimens, (b/t) = 1.62 (Fig. 15a) 
may reasonably be assumed. A portion 
of this quadrant is shown on Fig. 20 


ELLIPSE QUADRANT FOR 
SOLID PLAIN. SPECIMENS 
ELLIPSE ARC ror 
: 
é 


OF sHean STRESS DUE TO BENDING -TONS ren IN. 


Ss = Gs; = 0 in all cases. 


tolie somewhere between the test points 9 and 13. 


Fig. 20. Probable f/q Relation for Splined Shafts (S65A Steel) 
“~*~ Other curves assembled for general comparison. 


and test point 13 is seen to fall satisfac- 
torily near the curve. In regard to the 
remaining test points 5, 14, and 9, the 
value of the end-point ¢ is, of course, 
given by the value of point 5, but, to 
compare these data with the correspond- 
ing quadrant and arc, some value of b 
must be taken as the second end-point 
through which to draw these curves. 
But no such second end-point is pro- 
vided by the test data, for, under bend- 
ing stresses (cyclic and, or alternatively, 


Taste 11. INFLUENCE oF STATIC Stress (FILLET SPECIMENS) 


Series Test 


per 
in. $q. in. 


Il: 

i 173,g = 10 | 100 | 413-6| 101 |412:7 
f, =0, | 412-7/ 100 | 4147) 116 | 413-6) 107 
J =11) 12 100 | 108 | 97 
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static) fracture is not influenced by the 
-discontinuities of the section of ‘the 
splined. shaft; in fact, as @ changes 
‘from 0 to 90 deg., two quite different 
kinds of fatigue damage are, in turn; en- 
‘countered. In this difficulty, the only 
‘other end-point available—test 1—has 
been used and a quadrant and an arc 
drawn in between this and test point 
5. The data of tests 9 and 14 fall be- 
tween the two curves, with either of 
‘which they could be associated with 
small error. All previous tests on speci- 
mens containing a discontinuity have 
conformed to an f/q relation expressed 
by an arc, but whether the arc shown 
on Fig. 20 is the correct one certainly 
cannot be decided from the present tests. 
If, for the time being and without preju- 
dice to future more definite findings, it 
is accepted that a portion of that arc 
represents those tests in which failure 
occurs at the inner corners of the 
splines, the fatigue behavior of the 
splined shafts over the whole range is 
probably represented by that portion of 
the arc* extending from test point 5 to 
“b,” followed by an abrupt change to the 
portion of the “solid” ellipse quadrant 
extending from “c” to the test point 1. 
The position of the radial line “abc,” 
Fig. 20, has been chosen arbitrarily: all 
that is established is that it is situated 
somewhere between tests 9 and 13. 

A much closer experimental and ana- 
lytical study of this interesting prac- 
tical case would be well worthwhile. 

In these circumstances, an examina- 
tion of the three isolated results in which 
static mean stresses are in operation 
can have little real value but, to afford 
a comparison similar to that already 
given for the oil-hole and fillet, the cal- 
culated data of Table 12 are recorded. 
Test 10 practically falls on the quadrant, 
tests 11 and 12 fall intermediate between 
the quadrant and are and are about 5 
percent only from either curve. It might, 
perhaps, be considered surprising if this 


Taste 12. INFLUENCE OF Static Stress (SPLINED SHAFTS) 


Series Range of maximum shear stress at 
fatigue limit 


Experimental | 


tons 
per 


0, @ = 11 
f= 11 


+133 
£135 


particular form of discontinuity did not 
fall into line with the groove, oil-hole, 
and fillet in the respect that the ellipse 
arc affords a satisfactory design basis, 
but it will be apparent that the splined 
shaft is a very special case and, more- 
over, it is not clear which ellipse arc it 
is justifiable to adopt. ; 


In closing, it may be mentioned that 
the fatigue strength of an assembly of a 
splined shaft with its mating member, in 
which the drive is transmitted from one 
component to the other, may be less 


‘than that of the splined shaft alone: the 


stress distribution in the two cases is 
quite different. A few experiments of 
this type have been made*! and give an 
indication of the different behaviors that 
may occur; more work in this field is 
required. 

The f/q curves relating to the solid 
plain, the fillet, and the oil-hole speci- 
mens are also indicated on Fig. 20; the 
assembly shows at a glance the relative 
reduction in fatigue strength caused 
by the three forms of discontinuity. 


I hope that I have not imposed un- 
warrantably on your time and attention 
by discussing, in a Presidential Address, 
such a limited portion of the field of 
engineering science. If so, I trust that I 
shall be partly excused on the grounds 
that the investigation described does 
break some new ground and that some 
general conclusions appear to have been 
established which, used in conjunction 


* Or by the portion of the quadrant extending from test-point 5 to “‘a’’, or by some curve inter- 


mediate between the quadrant and arc. 
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Table — | arc 

; al Ellipse ipse arc 

6) quadrant | 
{ratio} tons |ratio| tons 
per per 
$q. in. in. 8q. in. | 

10 [to | 102 | +14-9| 112 

11 £129] 94] +144) 105 

12 100 | £127] 94) £143 | 106 
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with the vast amount of fatigue data 
available in the literature, should assist 
the designer of engineering components 
subjected to the four stress variables 
which have been examined: information 
has also been provided on the modify- 
ing influence of some common and un- 
avoidable changes of section and con- 
tour encountered in such components. 
This investigation has involved con- 
siderable cost, testing facilities, and 
time, yet a commencement only has been 
made on the general problem. Further 


investigations of these four variables on 
other materials, of other stress combina- 
tions, especially, of size effect, should 
be made. But it appears doubtful whether 
any single laboratory could complete a 
program of this magnitude within a 
reasonable period, and, to achieve satis- 
factory progress and avoid the possi- 
bility of wasteful duplication while ob- 
taining useful cross-checks on selected 
basic data, I would offer a plea for 
planned cooperation between several 
laboratories interested in this subject. 
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More than half of the young engi- 
neers of today aspire to end up as 
executives or managers. Less than half 
of the young engineers aspire to end 
up as scientists, consultants, teachers, 
or other nonmanagers. 

The young engineers who would be 
managers aspire not merely to become 
managers of engineering departments. 
They hope to become general managers, 
officers, and directors of companies, in 
capacities which oversee not only the 
activities of engineers, but of others as 
well. 

In .these aspirations, the young engi- 
neers are not alone. The young account- 
ants, lawyers, salesmen, mechanics, and 
many others likewise hope to become 
managers. 

This keen and extensive competition 


to occupy managerial posts is a sign of 
increasing alertness to the vital role of 
the manager in the industrial society. 
In past centuries, leadership in the 
economy has been held variously by the 
soldier, the merchant, the priest, the 
philosopher, the financier. Today, and 
for the forseeable future, the manager 
dominates the economy. 

It is the purpose of this paper to ana- 
lyze the qualifications of the engineer 
for managerial posts. To make this 
analysis it is necessary to consider the 
following : 

(a) What is the relationship of man- 
agement to engineering? 

(b) Does engineering training quali- 
fy one to become a manager ? 

(c) What must the engineer do to 
become a manager ? 


RELATIONSHIP OF MANAGEMENT TO ENGINEERING 


The skills needed to perform the tasks 
of modern industrial society are ex- 
ceedingly varied. They include the nu- 
merous mechanical skills exercised in 
the factory, office, warehouse, on the 
farm, on the railroad. They include the 


professions. They include, of course, 
the skills of the scientist and of the 
engineer. 

But the skill of the manager? is dif- 
ferent from any of these. Essentially, 
the role of the manager is to get things 


1 The term “manager” is used here in its generic sense as one who must act through the efforts -. 
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done through other people. To carry 
out this role, the manager requires skills 
which are as yet not well understood, 
and certainly not well executed. The 
knowledge of “how to manage” is only 
now being developed. The art of man- 
agement today stands perhaps in the 
situation that understanding of elec- 
tricity stood in the days of Volta, Gal- 
vani, and Ampere. 

The distinguishing feature of engi- 
neering is the use of “the forces of 
nature” for the benefit of man. The 
distinguishing feature of management 
is the use of “the forces in people,” also 
for the benefit of man. 

The forces of nature are discovered 
and measured by the “natural” scientists 
—the mathematician, the physicist, the 
chemist. The engineer utilizes for the 
benefit of man, the knowledge discov- 
ered by these and other natural scien- 
tists. 

The manager, in contrast, uses the 
forces of human beings, also for the bene- 
fit of man. The forces of human beings 
are discovered and measured by the 
“living” scientists, the biologist, the 
psychologist, the sociologist, and others. 

To utilize the forces of nature, the 
engineer has evolved various bodies of 
engineering knowledge: thermodynam- 
ics, machine design, electrochemistry, 
and many others. These bodies of knowl- 
edge are engineering tools. Success in 
engineering depends in good measure on 
the extent to which the engineer can 
grasp and use these engineering tools. 

Similarly, to utilize the forces of 


human beings, the manager has evolved 
various bodies ot managerial knowledge : 
organization, controls, incentives, and 
many others. These bodies of knowledge 
are management tools. Success in man- 
agement depends in good measure on the 
extent to which the manager can grasp 
and use these management tools. 

However, there is a further considera- 
tion, one of the utmost importance. We 
cannot utilize the forces of nature, ex- 
cept through the medium of human 
beings. A machine designed in accord- 
ance with engineering principles must 
still be constructed, operated, and main- 
tained by human beings. (The engineer 
who designs it is himself a human 
being.) This is the thinking behind the 
1913 ASME definition of management: 

“Management is the art and science 
of preparing, organizing, and directing 
human effort applied to control the 
forces and to utilize the materials of 
nature for the benefit of man.” ? 

The foregoing explains, in the au- 
thor’s opinion, why the manager so uni- 
versally “outranks” the professional man 
in popular contemplation. The manager 
outranks the engineer. The dean out- 
ranks the professor. The director of re- 
search outranks the scientist. The gen- 
eral outranks the ballistics expert. The 
bishop outranks the priest. And so on 
and on. The manager outranks the pro- 
fessional man because it is so uni- 
versally recognized that utilization of 
the forces of nature can be done only 
through human effort. 


CASE HISTORY OF AN ENGINEER WHO BECAME A MANAGER 


In making these distinctions between 
engineering and management, I hasten 
to add that relatively few jobs involve 
“pure” engineering or “pure” manage- 
ment. We can trace the career of a 
young engineer to see how imperceptibly 
he glides from engineering into manage- 
ment. 


* Transactions ASME, 1913, p. 1272. 


In 1922 Bill was a young mechanical 


engineer fresh out of engineering school. 
Bill was ambitious, but not to a point 
of fanaticism. He decided he was going 
to join a good company as a second 
lieutenant, climb the ladder, rung by 
rung, and retire on a colonel’s pension 
some 40 years later. 
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So Bill joined the X company, one of 
the industrial giants. Bill was on a 
training course for almost a year, going 
around from department to department, 
learning about the business. Then he 
was given a job as assistant engineer in 
one of the product-design departments. 
He was on the drafting board for a 
few months, then prepared bills of ma- 
terial for a few months, then had a job 
of doing odds and ends in the drafting 
room. In 1925 he was designated 
“engineer,” and became one of a flying 
squadron of engineers who were as- 
signed, first to this project engineer, 
then to that project engineer, figuring 
stresses, designing components, choos- 
ing materials, and performing other en- 
gineering chores. Bill did these things 
until his promotion to project engineer 
in 1928. 

Until that promotion, Bill was almost 
all the time using the forces of nature 
for the benefit of man. Most of the time 
Bill was using Young’s modulus. Ohm’s 
law, other laws, some calculus, lots of 
arithmetic. The visible evidences of Bill’s 
work were in sketches, calculations, 
memoranda. Bill’s engineering training 
was very helpful in doing all of these 
things. 

But Bill was also dealing with people. 
He had various bosses in the form of 
project engineers. He worked with as- 
sociates under the same boss. He worked 
with shop supervisors, with drafts- 
men, with production expediters, with 
accountants, and with still others. Bill’s 
engineering training was devoid of any 
suggestions on how to work with a boss 
or with these other people. 

During the latter part of this time Bill 
had an assistant—a young fellow just 
out of college, who was assigned to Bill 
for training. Bill was able to get this 
trainee to take data, make calculations, 
prepare drawings. Here Bill was 
achieving things not just through his 
personal efforts—he was utilizing the 
force of a human being. He was, ona 
small scale, managing. 


As project engineer, Bill’s duties 
changed. He now spent much less time 
in calculations or in sketching—the en- 
gineers who “reported” to him did those 
things. He assigned work to them, re- 
viewing the work as it progressed. He 
now had to make broader decisions, but 
still largely of an engineering character, 
still of a character which utilized the 
forces of nature. 

But as a supervisor, Bill now had also 
a set of duties concerned with human 
beings. Each person was different. Ed, 
the old-timer, was willing to work but 
was in bad health. Frank was about 
Bill’s age, and was burned up because he 
thought that he rather than Bill should 
have been made project engineer. Steve 
was another tough case—he was openly 
fed up. The company hadn’t treated him 
square. And so on and on. How to get 
these men to work wasn’t in the engi- 
neering books. How to get these men 
to work together wasn’t in the books 
either. 

The relative ease of commanding 
“things” was in sharp contrast to 
the difficulty of commanding people. 
“Things” could be pushed around by 
force. People couldn’t be pushed around 
like that. People had to be persuaded. 

We skip over the headaches of the 
depression of the early thirties and the 
recovery. We credit Bill with much 
foresight for his decision to go back 
to school and take night courses in 
management. In these courses he dis- 
covered that these new management 
problems of his were very old, that they 
had names, that they had been analyzed, 
and that there existed ways of solving 
them. 

It is 1937 and Bill is chief project 


engineer for the whole division. Bill 


still makes decisions of an engineering 
character, but now strongly flavored 
with other considerations. Most of his 
time is now not on engineering problems 
at all. He spends much time in meet- 
ings with other department heads. Their 
discussions and decisions involve many 
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varied problems—accounting, patent law, 
collective bargaining, sales forecasts, 
advertising, government regulations. 
Most of these discussions seem quite re- 
mote from engineering. Now when Bill 
wants to get something done, he assigns 
it to a project engineer, or he asks some 
other department head to get it done 
for him. 

In 1945 Bill became engineering 
manager for his division. Now he was 
top dog among the engineers, but he did 
very little engineering. His calculus had 
long since rusted into disuse. He re- 
membered few formulas. His time was 
spent in looking over budgets, attending 
conferences, approving memoranda and 
reports, rating subordinates, performing 
numerous personnel duties. 

Bill isn’t through progressing. The 
general manager of the division is due 
to retire, and Bill will become general 
manager of the division. Then he will 
become responsible not only for engi- 


neering, but for manufacture, and sales 
as well. All pretense at utilizing the 
forces of nature will be abandoned. Es- 
pecially when it comes to sales and 
manufacture, Bill wil! have to rely 
absolutely on the experts—on the men 
down the line who are supervisors, 
accountants, market analysts. 

Before Bill retires he will have be- 
come a vice-president of the company, 
and a director. In these posts he will be 
in the cabinet. He will contribute to 
discussion and decision affecting all 
phases of company operation—not 
merely those phases for which he is 
officially responsible. The transition 
from engineer to manager will be com- 
plete. 

In following Bill through his success 
story, we see that while the clevage be- 
tween management and engineering is 
abrupt enough in theory, the transition 
in practice is most gradual. 


DOES STUDY OF ENGINEERING QUALIFY ONE TO BECOME A MANAGER? 


Our definition is that the manager is 
one who utilizes the forces in human 
beings for the benefit of man. Engineer- 
ing provides no training on what are 
the forces in human beings, let alone 
how to use these forces. We must con- 
clude that study of engineering does not 
qualify one to become a manager. 

But neither does study of law, med- 
icine, accounting, or any other one of 
the professions specially qualify’ one to 
become a manager. Does it follow that 
the young engineers, lawyers, or ac- 
countants who aspire to become man- 
agers all went to the wrong schools? 
What should they have studied? 

The answer is that there is today no 
school which purports to turn out men 
capable of stepping into managerial 
posts. If there were such a school, it is 
most unlikely that the graduates would 
secure placement as managers. For 
while industry has no scientific method 


for identifying good managers, it does 
know that good managers must possess 
certain special qualities such as balance, 
maturity, and leadership, and that to 
acquire and season these qualities re- 
quires much time and experience as well 


“as training. 


Today there is not even an agreed- 
upon program of study for potential 
managers. For the most part the poten- 
tial managers must learn from their 
elders, perpetuating their good or poor 
practices, just as did the lawyers and 
doctors of a century ago. 

Does it mean that engineering is to 
continue doing business at the old stand, 
leaving engineers to gravitate into man- 
agerial posts as best they can? If the 
engineering profession concluded this, it 
would be a disservice to the aspirations 
of a majority of its members. The en- 
gineering profession should, rather, 


adopt a course of action which would aid 
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engineers to qualify themselves more 
readily for managerial posts. 

I do not advocate this on the familiar 
contention that the engineer, having 
built the machine, is thereby best quali- 
fied to oversee the Machine Age. In 
fact, I disagree with that contention. 
My argument is rather that the engi- 
neer, aside from his knowledge of the 
machines, is trained in a methodology 
sorely needed in management. 

The engineer builds structures and 
machines through the engineering meth- 
od of scientific utilization of natural laws 
previously discovered by the natural 
scientists. Built in this way, the struc- 
tures stand and the machines run. 
Failure is so rare as to be newsworthy. 

The need in management is to build 
organizations of human beings to run so 
well so often that failure likewise be- 
comes so rare as to be newsworthy. An 
important prerequisite for meeting this 
need is scientific utilization of the forces 
of human beings as these forces are 
discovered by the “living” scientists. 
The engineering method is sorely needed 
in management, though applied to 
knowledge of the living sciences rather 
than the natural sciences. 


Returning to the question, “Does en- 
gineering training qualify one to become 
a manager ?” we can now say that engi- 
neering training can be most helpful be- 
cause it supplies an important methodol- 
ogy, that of the engineering method of 
decision based on knowledge derived 
from reproducible experiment. How- 
ever, this methodology is not enough. 
True, the engineer is all dressed up 
with a methodology which is valuable 
to the solution of management problems. 
But the engineer as such has no place 
to go except in engineering, because 
his knowledge of the living sciences is 
not adequate for the managerial task. 

I believe this one explanation why 
many engineers, despite their admirable 
logic, remain technicians while the arts- 
school graduates, the lawyers, the sales- 
men seem to go on to become chief 
executives. (Incidentally, some engi- 
neers also end up in the high circles.) 
These rivals, though not so strictly 
schooled in the discipline of the engi- 
neering method, are generally better 
equipped with knowledge of the living 
sciences. Thereby many of them have a 
better grasp of the thing we call human 
nature. 


WHAT MUST THE ENGINEER DO TO BECOME A MANAGER? 


Again we return to the definition of 
management—the utilization of the 
forces of people for the benefit of man. 
Implied in this definition is the knowl- 
edge of: 

(a) What are the forces of people? 

(b) How are these forces utilized ? 

(c) What is for the benefit of man? 

These questions are so fundamental 
in character that it may well be con- 
tended: “Surely the managers of today 
do not know these things and yet they 
get along. Is this knowledge then 
essential ?” 

It is true that only rarely does a 
manager of today know all these things. 
But it is stretching a good deal to say 


that the managers “get along.” The 
mortality rate of business enterprises is 
shockingly high. We can build bridges, 
generators, aircraft, with the highest 
confidence that they will perform per 
specification. But we have no such con- 
fidence when we launch a new business 
enterprise, or when we set up a new 
department in an existing enterprise. 
Today, the engineer who seeks to pre- 
pare himself for a managerial post is 
on his own volition turning to the grad- 
uate schools of Administrative Engi- 
neering and of Business Administration. 
There he studies psychology, sociology, 
and others of the living sciences to 
learn more of man as an individual and 
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of men as a group. He studies various 
tools of management—organization, 
controls, incentives—to learn how to 
utilize these human forces; and he 
studies economics, law and other dis- 
ciplines to learn what is for the benefit 
of man. 

All this is progress. Yet it seems to 
me that as the tempo of the industrial 
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society steps up, the caliber of the man- 
ager must rise remarkably. In parti- 
cular, the manager must see in proper 
perspective the relation of dll the living 
sciences to each other. Only through 
such perspective can he perform the 
trusteeship job which is his duty if he 
is to emerge as a member of a pro- 
fession. 


SHOULD THE DEFINITION OF ENGINEERING BE OPENED UP TO INCLUDE MANAGEMENT? 


It has been advocated by some that 
we should change the definition of en- 
gineering to read: “Engineering is the 
utilization of the forces of nature and 
of human beings for the benefit of man.” 
This would not be the first time that 
engineering has increased its scope. 

But can management, which rests on 
the living sciences, become a branch of 
engineering, which rests on the natural 
sciences? I doubt it. To stretch engi- 
neering to include the living sciences, 
it seems to me, goes beyond the elastic 
limit. 

In my opinion, it is most desirable 
that the engineering profession be as 
well represented in top management as 
are the other professions and the arts. 


The industrial society is bound to run 
askew if policymaking and execution is 
dominated by the banker, or the lawyer, 
or the labor leader, or for that matter, 
by the engineer. 


The risk today is not that management 
will become topheavy with engineers. 
On the contrary, the risk is that engi- 
neering training, with its great em- 
phasis on the natural sciences, will de- 
velop increasingly a“trained incapacity” 
on the part of engineers to advance into 
managerial posts. Years of command- 
ing kilowatts and decibels, and of se- 
curing invariable compliance, can be 
sorry training for a managerial post 
where command means so little and 
leadership means so much. 


TRAINING ENGINEERS IN MANAGEMENT 


The engineering colleges took a long 
stride toward broader development of 
engineers by adopting the so-called hu- 
manities courses. Until the adoption of 
the humanities courses, the undergrad- 
uate engineers were so closely confined 
to the study of things, that there was 
little time for study of people. 

I doubt that much more can be done 
at the undergraduate level to prepare 
engineers to be managers. True, the 
undergraduate can learn something 
about industrial-engineering tools. But 
he has neither the experience nor the 
maturity to grasp firmly the nature of 


the managerial problem of doing things 
through other people. For the forsee- 
able future, the opportunity for train- 
ing engineers in management lies in 
graduate study and in industry itself. 

Opportunity for such graduate study 
in the colleges is expanding rapidly, 
both in the variety of courses and in 
the number of colleges offering such 
courses. The interest on the part of 
graduate students is likewise expanding 
rapidly. 

But in the immediate future the big- 
gest role in training for management is 
to be played by industry itself. A serions 
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limitation on college training in man- 
agement is the lack of an adequate lab- 
oratory. In study of management, the 
laboratory is industry itself. To utilize 
this laboratory suggests that industry 
must participate heavily in the job of 
training. In time we will work out a 
decidedly better collaboration between 
industry and the colleges. Meanwhile, 
the fact that industry has so nearly a 
monopoly on the management labora- 
tory puts a special duty on industry to 
identify prospective managers, and to 
help teach them how to manage. 

For industry to teach men how to 
manage still requires close collaboration 
between industry and the colleges. In- 
dustry abounds in case histories, but 
discovery of principles from these cases 
requires a forum which can collect the 
experience of many companies. 

In our graduate courses and in our 
management round tables at New York 


University we bring together men from 
a variety of industries to study various 
aspects of management. The college 
provides the forum but industry pro- 
vides the cases. 

However, we are far from having dis- 
covered all the possible devices for 
teaching management to men in industry. 
For example, there are current ex- 
periments in England wherein a man 
works in industry four days a week and 
spends the fifth day in graduate study at 
college. In some of the American com- 
panies, men of managerial promise are 
given special training through rotation, 
through participation in committee work, 
through schemes of “multiple man- 
agement,” through assignment to staff 
positions, and through still other means. 
The experience we are gathering will 
soon permit us to appraise the effective- 
ness of these various devices for man- 
agement training. 


CONCLUSION 


When we look back on the history 
of professions, we see that the rise of 
any true profession has heaped its 
bounty on humanity. Some of the more 
obvious instances have been truly dra- 
matic. In our century the rise of the 
medical profession has greatly increased 
our span of life. The rise of the engi- 
neering profession has taken heavy bur- 
dens from the backs of men, and placed 
them on the backs of machines. The col- 
lective efforts of all professions have 
wiped out starvation, increased our 
standard of living, and have added much 
leisure time in which to enjoy that 
standard. 

Yet there remain grave problems in 
the industrial society. Mysteriously 
ahead of us loom the depressions, the 
industrial struggles, and other ominous 
shapes. Our forbears must have re- 
garded famine or pestilence with equal 
mystery and apprehension. 


The challenge to the manager is to 
solve these problems of the industrial 
society. If he fail, he must make way 
for new leadership, as did the firancier 
before him. If the manager succeed, he 
will have assured for himself a place of 
honor among the professions. 

The engineer is possessed of an in- 
timate knowledge of the machines of the 
industrial society. He is also possessed 
of a proved methodology for solving any 
problem in the sciences. This knowl- 
edge and this methodology can be of 
great aid to the select managerial circle. 
It behooves the engineer to supplement 
his engineering knowledge by such study 
as will enable him to compete success- 
fully for a reasonable proportion of the 
managerial posts. Thereby, he will not 
merely satisfy his own aspirations. he 
will perform a vital and honorable public 
service. 
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THE OUTLOOK FOR CERAMICS 
GAS TURBINES 


coatings. 
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INTRODUCTION 


New heat-resistant materials are being 
developed continuously through ceramic 
research. Part of the research is di- 
rected specifically toward gas-turbine 
applications, and much of the remainder 
is in some way related to such uses. 

Not everyone has the same concep- 
tion of the ceramic field. For purposes 
of discussion “ceramics” embrace all 
that is not clearly organic or metallurgi- 
cal. To be more specific, it is probably 
advisable to cite some of the materials 
which fit under this definition, and 
which are being considered in the pres- 
ent research. There are of course the 
old, conventional, silicate-based materi- 
als, or those composed of, or bonded 
internally with glass. Less conventional 
materials, which do not contain glass, 
also are included. Many of these glass- 


free materials have, as primary con- 
stituents, one or more of the refrac- 
tory oxides, carbides, borides, nitrides, 
and the like. Others are composed es- 
sentially of carbon or graphite. In addi- 
tion, the field includes materials com- 
posed of various combinations of metal 
and inorganic compounds. The metal 
may be present in these hybrid mate- 
rials as either a continuous phase or as 
isolated inclusions. 

There are innumerable raw materials 
and combinations of raw materials 
from which ceramic articles may be 
fabricated. Many raw materials and 
combinations of raw materials remain 
wholly uninvestigated. They are not 
being overlooked, but have been ne- 
glected because not enough time or 
effort has yet been spent in research. 
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HISTORY OF PERTINENT CERAMIC RESEARCH 


The pertinent research was initiated 
during the war. It is part of the effort 
directed broadly toward the discovery, 
development, or refinement of materials 
to meet temperature requirements pecu- 
liar to propulsion of high-speed high- 
performance aircraft and guided mis- 
siles. Prior to this interest in ceramic 
materials, applications for these mate- 
rials did not involve designs where 
shape and dimensions were so critical, 
or conditions of stress and temperature 
nearly so severe. To illustrate the 
marked differences in past and present 
demands for ceramics, the contrast be- 
tween service conditions for spark-plug 
insulators, wall tile, refractory brick, or 
metallurgical crucibles, and those for 
rotor blades might be considered as 
representative. 

As might be expected from the con- 
siderable differences between past and 
present demands, ceramic materials 
available when this research was started 
generally were not adaptable to the new 
uses. Unfortunately, the adjustments 
needed to improve their likelihood of 
success were rarely simple ones. Some 
mention was made previously of the 
fact that these conventional ceramic 
materials are characterized by the pres- 


ence of a glass phase. It so happens that 
glass has notably poor resistance to 
thermal shock and tends to soften and 
deform under stress at relatively low 
temperatures. Even if a ceramic mate- 
rial is almost wholly crystalline, con- 
taining glass as only a contaminant, 
the glass phase may interfere with the 
continuity of the crystal phase and 
serve as a “lubricant” under stress at 
high temperature. The glass phase can 
hardly be tolerated in structural parts 
for the hot zones of gas turbines. 

The elimination of glass from the 
final product necessitates excluding sili- 
cates from the raw materials. Clay, 
among other raw materials, cannot be 
used. Ceramists utilize the plastic prop- 
erties of clay in forming articles. After 
forming, the clay bonds the nonplastic 
particles so that the shape has sufficient 
strength for necessary handling until it 
is fired. Further, during firing, the clay 
enters into thermochemical reactions 
which develop the fired or glass bond. 
The properties of the final article de- 
pend largely upon the nature and extent 
of these reactions. Clay has a big role 
in each major step of the fabrication 
process. 


GLASS-FREE REFRACTORY MATERIALS 


The development of a ceramic mate- 
rial for a specific use might be divided 
conveniently into three main phases of 
research, (1) raw-material selection, 
(2) forming, and (3) heat-treating. 

The initial selection of raw materials 
is based primarily on melting point, sta- 
bility, and availability. There are many 
raw materials and combinations of raw 
materials which remain unexplored. In 
glass-free ceramics, where _ silicates 
must be excluded as raw materials, the 
supply still greatly exceeds present re- 
search demands. This favorable situ- 
ation probably will persist for a long. 


time. Investigators are continually un- 
covering additional refractory com- 
pounds of interest, and it is a quite 
lengthly procedure to develop an opti- 
mum body of a selected composition. 
Investigations pertinent to gas tur- 
bines have been rather thorough on 
most of the refractory oxides singly, 
and on many combinations of oxides. 
There is room for much more research, 
however, on combinations of oxides. 
With a few exceptions, the develop- 
ment of bodies from other likely raw 
materials has been preliminary in na- 
ture, or has not been undertaken. The 
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exceptions mainly involve some combi- 
nations of oxides and metals, oxides 
and carbides, and developments stem- 
ming from the background on carbide 
cutting tools. In the latter category, 
the development and evaluation of mix- 
tures of titanium carbide and cobalt for 
rotor blades is well advanced. In gen- 
eral, the surface has only been scratched 
in the detailed development of bodies 
of refractory carbides, nitrides, borides, 
silicides, and the like, singly, in com- 
bination with each other, or combined 
with metals. 

It is not surprising that the oxides 
have received more attention than the 
other raw materials. They are more 
available or more easily prepared, and 
of course more stable in the oxidizing 
atmospheres usually encountered in 
service. 

After selection of the raw materials, 
the next major problem is to form them 
into some desired shape. Considerable 
success has been had in research along 
this line. The raw materials for form- 
ing normally consist of fine nonplastic 
powders. The use of various organic 
compounds with these powders, as 
bonding and plasticizing agents, has 
apparently progressed to a point where 
they are commensurate with clay for 
ceramic forming. It is no longer much 
of a problem to use any of the conven- 
tional ceramic-forming techniques of 
dust pressing, plastic extrusion, or slip 
casting in the fabrication of shapes of 
such inorganic and organic mixtures. 
Further, it is often possible to produce 
these shapes so as to have sufficient 
strength for easy machining while in 
the green unfired state. 

Finally, after appropriate curing or 


drying, the formed shape is subjected to 
a heat-treatment or sinter. The changes 
which occur in the internal structure 
during sintering determine the proper- 
ties of the product. The mechanism of 
sintering is not fully understood at 
present, and the action is influenced 
greatly by several factors. For these 
reasons, development is hindered most 
in this phase of research. 

Normally, during the early stages of 
heat-treatment, any organic materials 
present are oxidized and removed, or 
are volatilized with a carbon residue 
remaining. On further heating, the 
crystalline particles usually coalesce, 
and chemical reaction, solution, recrys- 
tallization, or grain growth may occur. 
The nature and extent of the phenomena 
which occur in the structure do not 
depend solely on the composition, and 
the time and temperatures of sintering. 
They are also affected, and often to a 
great extent, by such factors as impuri- 
ties and minor additives as well as the 
major constituents, the grain size and 
character of the raw material, the form- 
ing method used and degree of compac- 
tion during forming, and the atmosphere 
during sintering. The influence of these 
many factors makes it necessary to 
carry out an extensive program in order 
to arrive at the best internal structure 
for a selected composition and use. 
However, more is learned every day 
about the sintering process. Knowledge 
is being acquired on how the bond be- 
tween particles is developed, and on the 
manner in which the bonding action is 
influenced by various factors. With this 
increasing knowledge, the problems in 
developing ceramic materials for gas 
turbines are becoming simpler. 


EVALUATION OF CERAMIC BODIES AS ROTOR BLADES 


In general, some of the appraisals of 
ceramic materials are empirical, based 
on service testing, while others are 
theoretical, based on property deter- 
minations. The two approaches of 


course complement each other, and the 
sole use of either would be imprac- 
ticable. 

The applicability of ceramic bodies as 
turbine-blade materials has been de- 
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scribed previously by Bobrowsky.* In 
his discussion of the subject he covered 
evaluations based on both property de- 
terminations and service testing, point- 
ing out that several ceramic bodies had 
higher ratios of tensile strength to 
density than the better commercial 
alloys at temperatures in the range of 
1500 to 2200 F. Creep rates at 1800 and 
1900 F apparently were adequate for 
oxide bodies, the only ones upon which 
creep data were available. He warned 
that oxidation problems and difficulties 
with wheel cooling may be encountered 
in the use of ceramic bodies with high 
thermal conductivities, while lack of 
sufficient thermal-shock resistance may 
limit seriously the use of low-conduc- 
tivity bodies. Normally, the nonoxide 
raw materials and metal incorporations 
contribute to high conductivity, while 
low-conductivity bodies have high oxide 
contents. In service tests, blades of 
both an oxide body and of a metal- 
bonded titanium-carbide body were 
operated at temperatures above those 
presently used with alloy blades, but at 
lower rotor speeds, and under less se- 
vere thermal-shock conditions. These 
service tests revealed certain problems 
in the use of the ceramic bodies. There 
were stress concentrations between 
wheel and blade when the ceramic 


blades were substituted directly in pres- 
ent metal designs. Severe thermal 
shock, resulting from failure of the air 
supply, caused fracture of blades in one 
instance. Mechanical-shock problems 
also were encountered. 

It is interesting to note that each 
shortcoming of the ceramic blades in 
these service tests is traceable to lack 
of ductility. If a ductile body exists, 
we are not aware of it. Also, the possi- 
bilities of developing such a body seem 
remote. This same situation apparently 
exists with new high-temperature 
alloys. Sweeny,” writing about turbine 
alloys, stated: “The metallurgist can 
produce stronger materials at a given 
temperature, or equally strong at a 
higher temperature, if the mechanical 
engineer can learn to fabricate and as- 
semble materials with lower ductility. 
Close co-operation will be required in 
the years ahead between the metallur- 
gist and the engineer in the develop- 
ment of new and better alloys that can 
be adapted to gas-turbine designs.” 
These quoted remarks appear equally 
applicable to ceramists, and, in the in- 
terests of promoting the closer co-oper- 
ation between ceramists and gas-turbine 
engineers in the future, it might be well 
to mention some factors which we feel 
are significant. 


ROLE OF GAS-TURBINE ENGINEERS 


As an outlook, several ceramic bodies, 
presently available, might have adequate 
properties to permit increases in the 
operating temperature or stress, or 
both, on present rotor blades. Better 
bodies can be expected in the future. 
All of these bodies, however, are non- 
ductile; hence mechanical shock and 
stress concentrations are expected to 
present critical problems in their use. 
Accompanying the brittleness, some of 
the bodies also have serious thermal- 


stress limitations. Maximum perform- 
ance from ceramic bodies as_ rotor 
blades therefore depends on design and 
operational adjustments to counteract 
this brittleness. These adjustments, for 
the most part, involve problems in gas- 
turbine engineering beyond the ken of 
ceramists. 

Further, evaluations based solely on 
property determinations shed little light 
on the influence of lack of ductility on 
service performance. For example, 


1“The Applicability of Ceramics and Ceramals as Turbine-Blade Materials for the Newer Aircraft 
Power Plants,” by A. R. Bobrowsky, Trans. ASME, vol. 71, August, 1949, pp. 621-629. 


p. 


yt eae Better Criteria for Turbine Alloys,” by W. D. Sweeny, Metal progress, vol. 55, 1949, 
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thermal-shock requirements for a given 
use cannot, at present, be related to the 
thermal-shock properties of a material. 
The requirements depend on design as 
well as time-temperature relationships, 
and the properties appear to depend on 
the magnitude of several other physical 
properties at the time of failure. Some 
sort of simulated service test therefore 
is required for adequate appraisals. The 
need for strictly gas-turbine engineer- 
ing is apparent here. According to 
Sweeny,” again we find this same prob- 
lem in metallurgy. Paraphrasing his 
words, we can say, “. . . both the cera- 
mist and the engineer have a funda- 
mental challenge of a different sort— 
that is, to develop a laboratory test for 
evaluating materials that correlate 
closely with service experience. Until 
such a measuring stick becomes avail- 
able, the full development of better 
bodies will be impaired.” 

Becoming somewhat less practical, 


there is another consideration where 
close co-operation between ceramists 
and gas-turbine engineers might be 
beneficial. Ceramic bodies are inher- 
ently stronger in compression than in 
tension, as well as inherently brittle. 
The compressive strengths of some of 
the oxide bodies are of the order of 10 
times their tensile strengths. This of 
course indicates that the best -design 
would have ceramic parts either pre- 
stressed in compression, or subjected to 
compressive loads. Apparently, little has 
been done along this line. If suitable 
designs could be evolved, prestressing 
offers possibilities of reducing thermal 
and mechanical-shock problems, as fail- 
ures from such shocks probably are 
basically tensile in nature. If, on the 
other hand, the blades are subjected to 
compressive loads, perous bodies 
be used. The bodies would have lower 
strengths, but better shock resistance 
than similar dense bodies. 


EVALUATION OF CERAMIC BODIES FOR STATOR BLADES AND COMBUSTION CHAMBERS 


With lower mechanical requirements, 
stator blades offer a somewhat more 
likely future for ceramic bodies than 
rotor blades. Ceramic stator blades, 
made from bodies too weak for rotor 
blades, but with good thermal-shock re- 
sistance, might be satisfactory. Even 
without higher operating temperatures, 
it is possible that such blades would re- 
duce weight and cost if used to replace 
metal blades in present designs. 

As in the case of rotor blades, physi- 
cal properties cannot, at present, be re- 
lated to service requirements in a man- 
ner suitable for precise theoretical ap- 
praisals. However, as approximations, 
a few possibilities might be discussed. 
Bodies which are strong enough to 
withstand the thermal shock by virtue 
of being porous, may exist. There is 
sufficient background on oxides, such as 
magnesia, alumina, or zirconia, and on 
zircon for their quick evaluation as pri- 


mary constituents of such bodies. In 
view of the considerable progress in 
ceramic research on protecting graphite 
bodies against oxidation, these also are 
possibilities. Certainly they would resist 
the thermal shock and, perhaps, the 
corrosion and mechanical stress. Al- 
though limited in temperature resist- 
ance, fused silica and cordierite bodies 
should warrant detailed evaluation be- 
cause of their low thermal expansion 
resulting in good resistance to thermal 
shock. They might be satisfactory for 
present operating temperatures, or 
slightly above. High-conductivity bodies, 
such as those of silicon carbide or ti- 
tanium carbide, also have good shock 
resistance and may work. 

This list of potential stator-blade ma- 
terials undoubtedly could be extended. 
It is believed sufficient, however, to 
show that there are several ceramic ap- 
proaches to the probler. The economic 
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advantages are also emphasized, as all 
of the bodies mentioned are prepared 
from readily available raw materials 
and have much lower unit weights than 
the heat-resistant alloys. 

Active, but rather limited, considera- 
tion is being given ceramic stator blades 
in simulated-service tests. Unlike the 
rotor-blade tests, the thermal-shock con- 
ditions in these tests are as rigorous as 
those in present turbines. The early re- 
sults do not permit definite recommen- 
dations, but are considered sufficiently 
encouraging to predict that improved 


CERAMIC 


In addition to the work on ceramic 
bodies, a large portion of the ceramic 
research pertinent to gas turbines is di- 
rected toward developing and evaluating 
refractory ceramic coatings for metals. 
Such coatings seem particularly attrac- 
tive for immediate use. They are not 
expected to afford outstanding bene- 
fits, but they are likely to extend signifi- 
cantly the usefulness of alloys, and few, 
if any, design changes are anticipated 
in order to use them. The primary pur- 
pose of the coatings, presumably, is to 
seal the metal surface against corrosive 
attack, and secondarily to provide ther- 
mal insulation. Not much can be ex- 
pected from them as insulators as they 
must be thin in order to be tough and 
adherent. 

Most of the work on coatings has 
been confined to the enamel type. These 
consist essentially of a thin layer of 
glass and, as such, are subject to yield- 
ing under stress at relatively low tem- 
peratures. However, we are not so con- 
cerned with this weakness in coatings 
as in bodies because the base metal, not 
the coating, bears the stress. Spall- 
resistant coatings have been developed 
to “fit” the low-carbon and low-alloy 
steels, and the significant heat-resistant 
alloys, with the possible exception of 
high-molybdenum or tungsten alloys. 


stator blades can be made of present- 
day bodies with little or no refining. 

Ductility undoubtedly is necessary in 
the combustion-chamber liners of pres- 
ent designs, thus eliminating direct sub- 
stitution of ceramic bodies for the sheet 
metal now used. There are indications 
that metal-supported ceramic liners will 
withstand the conditions of service. 
Also, ceramic bodies might be used to 
insulate combustion chambers if the 
need becomes sufficiently acute to jus- 
tify design changes. Considerable suc- 
cess has been had in so insulating much 
hotter rocket chambers. 


COATINGS 


The refractoriness of some of these 
coatings is such as to afford protection 
for long periods at temperatures up to 
at least 1800 F. In laboratory tests, 
coated specimens have been unaffected 
under conditions of time, temperature, 
and atmosphere which caused complete 
deterioration of uncoated specimens. In 
service tests, instances are reported 
where the enamel-type coatings have 
increased the life of rotor blades and 
combustion-chamber liners appreciably. 
The worth of these coatings, however, 
has not been established definitely 
through extensive service testing. It is 
not known, for example, whether they 
will permit increases in operating tem- 
peratures, or which of several available 
coatings are better. The reasons for the 
reputed beneficial effects are not clearly 
understood. If they were, better coat- 
ings for the specific uses probably could 
be developed. Here, again, close co- 
operation between ceramists and gas- 
turbine engineers, along with metal- 
lurgists, might pay off. 

Another coating development has pro- 
duced spall and  oxidation-resistant 
coatings of metal-ceramic combinations. 
Some of these appear to be more heat- 
resistant than the enamel-type coatings, 
and more techniques have been devel- 
oped for their application. Little success 
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has been had in maturing the enamel 
coatings by means other than furnace 
firing, while the metal-bonded coatings 
can be matured with a torch, or even 
flame-sprayed. The relative merits of 
these coatings as compared to enamel 
coatings have not been established. The 
characteristics of the two types are 
rather different, and each may have 
uses in gas turbines for which it is par- 
ticularly suited. 

As temperature requirements for ma- 
terials of construction are pushed slowly 
but continuously upward by design en- 
gineers, attention is being given to new 
techniques for the application of re- 
fractory coatings not readily applied 
by conventional methods. The most gen- 
erally useful methods developed to date 
for the formation of refractory coatings 
involve the so-called vapor-deposition 
processes in which the coating is formed 
by chemical reaction at the heated sur- 
face of the base material. Commercial 
application of vapor-deposition proc- 
esses has, as yet, been limited to mate- 
rials for moderate-temperature service, 
e..g., chromized steels, siliconized iron, 
and so forth, but current research has 
shown promising results in several ap- 
plications of interest to gas-turbine 
engineers. 

In vapor-deposition processes, volatile 
compounds containing the coating ele- 
ments are passed over the work, which 
is heated to a temperature at which the 
components of the plating atmosphere 
react to form the desired coating. The 
base, itself, may, and frequently does, 
enter into the plating reaction, but this 
is not necessarily the case. Specific ex- 
amples of processes for the formation of 
refractory coatings include the deposi- 
tion of metals such as tantalum, molyb- 
denum, and tungsten by hydrogen re- 
duction or thermal decomposition of 
their chlorides or bromides, the forma- 
tion of coatings of silicon carbide, tita- 
nium carbide, tantalum carbide, and the 
like, by the reaction of their chlorides 
with a hydrocarbon-hydrogen atmos- 


phere, and the formation of silicide 
coatings by the reaction of silicon 
tetrachloride-hydrogen atmosphere with 
a refractory metal base. 

A wide variety of chemical reactions 
is available for formation of protective 
coatings by vapor-deposition techniques. 
Coatings of all of the refractory metals, 
carbides, borides, silicides, oxides, and 
nitrides can be obtained by one or more 
of these processes. 

Obviously, many of the refractory 
materials are quite brittle, and differ- 
ences between their coefficients of ex- 
pansion and that of a given base may 
restrict their use. In many cases, how- 
ever, by proper selection of coating and 
base materials, increased service life is 
obtained. 

Vapor-deposition processes also can 
be used to coat ceramic materials such 
as graphite, alumina, zirconia, and 
tungsten carbide. 

Much of the work on commercial 
application of vapor-deposition proc- 
esses is unpublished; hence the appli- 
cation of specific coatings to gas tur- 
bines cannot be discussed here. It is 
important to note, however, that these 
processes are available, that they are 
extremely versatile, and that considera- 
tion should be given to them where com- 
mercial processes are either unavailable 
or inadequate. 

Perhaps the outstanding development 
on vapor-deposition processes is the de- 
velopment of protective coatings for 
molybdenum, which have permitted its 
use in air for over 5000 hr at 1800 F, 
and as long as 500-hr at 3100 F. Ina 
number of tests for short-time applica- 
tions in extreme high-temperature 
flames, molybdenum so protected has 
given outstanding performance. 

Examples of coatings of potential in- 
terest are silicon or silicon carbide on 
graphite for oxidation resistance, boron 
carbide on graphite and other ceramic 
materials for wear resistance, and re- 
fractory metals, such as tungsten and 
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tantalum, on other metals for heat and 
erosion resistance under nonoxidizing 
conditions. 

Coatings applied by vapor-deposition 
methods normally are of theoretical 
density, and, although subject to local- 
ized imperfections if improperly applied, 
are nonporous as deposited. Hence an 
outstanding advantage of these proc- 
esses is that no heat-treating is neces- 


sary to obtain a continuous coating. 
Therefore the coating need not be lim- 
ited by a maturing temperature which, 
in turn, is limited by the heat resistance 
of the base metal. An additional advan- 
tage of vapor-deposition coatings is 
that coatings formed at a high tempera- 
ture are frequently more stable, at high 
temperatures, than those formed at 
room temperature. 


CONCLUSIONS 


From the standpoint of pure ceramic 
technology, rapid advances have been 
made within the past few years in ce- 
ramic research relevant to gas turbines. 
Even so, there are many uninvestigated 
raw materials and combination of raw 
materials from which better gas-turbine 
components might be made. Also, much 
remains to be learned about the mech- 
anism of sintering in glass-free ceram- 
ic materials. 

In general, several available ceramic 
materials might serve advantageously 
for parts operating in the hot zones of 
gas turbines. Coatings for metals seem 


particularly attractive for immediate 
use, while ceramic bodies might afford 
more outstanding benefits. Design or 
operational adjustments often may be 
necessary to obtain maximum perform- 
ance from ceramic bodies. 

To evaluate and to use all types of 
ceramic materials, close co-operation is 
required between ceramists and gas- 
turbine engineers. With this co-opera- 
tion, gas turbines with higher oper- 
ating temperatures, longer life, or both, 
and, perhaps, lower weight seem within 
the realm of not-too-distant possibilities. 
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TRANSITION TEMPERATURE OF SHIP 
PLATE IN NOTCH-TENSILE TESTS 
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The Welding Journal for April, 1950 contained this article by Messrs E. M. 
MacCutcHeon, C. L. Pittictio and R. H. Rarinc. The first two were connected 
with the David Taylor Model Basin and Mr. Rarinc with the National Research 
Council when this investigation was conducted. It is a study of steels under new 
specifications used in ship construction together with some experimental steels 
and an evaluation of specimens used in determining notch toughness and transi- 
tion temperatures of steel for ship construction. 


INTRODUCTION 


During the past few years, the Ship 
Structure Committee has sponsored a 
series of research projects in which 
notched, full-thickness specimens of 
ship plate were tested in tension.1-® One 


. of the principal goals of these efforts . 


was to determine the minimum speci- 
men width which would simulate the 
brittle-to-ductile transition characteris- 
tics of a “wide” specimen or, by infer- 
ence, a welded ship. In these investiga- 
tions, specimens whose widths ranged 
from 3 to 108 in. were tested, and it 
was concluded that a 12-in.-wide speci- 
men would provide a reliable index to 
the ductility-transition behavior of large 
plates. Consequently, the 12-in.-wide, 
notch-tensile specimen has become a 
standard of reference in the research 
program of the Ship Structure Commit- 
tee and currently is being used at 


Swarthmore College’ and at the David 
Taylor Model Basin for tests to evalu- 
ate the notch ductility of ship steel. 

However, since the 12-in.-wide speci- 
men is an expensive one and is too 
large to be broken in the testing ma- 
chines available in most laboratories, it 
cannot be used for routine testing. It 
is desirable, therefore, to establish the 
correlation between results from tests 
of this 12-in.-wide reference specimen 
and results from tests of the various 
types of small specimens; to date, how- 
ever, insufficient data exist to establish 
such correlation with certainty. 

The work reported in the present 
paper was planned with cognizance of 
this history of the 12-in.-wide specimen 
and is part of the program of the wide- 
plate tests sponsored by the Ship Struc- 
ture Committee. 
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OBJECTIVE AND SCOPE 


The objectives of this investigation 
were: 

1. To increase the volume of data 
from tests of the 12-in.-wide specimen, 
which data are useful for correlation 
with results of tests of various small 
specimens. To this end, six steels con- 
forming to the old A.B.S. (American 
Bureau of Shipping) specification for 
hull steel, three steels conforming to the 
new A.B.S. specification for hull steel 
(Class B), and two modified A.B.S. 
Class B steels were tested. 

2. To determine the transition tem- 
perature of steels removed from two 


fractured ships; in this phase of the 
work 12-in.-wide specimens from six 
plates were tested. 

3. To determine the effect on transi- 
tion temperature, as determined by the 
12-in.-wide specimen, of adding alumi- 
num to two otherwise typical A.B.S. 
Class B heats of steel. 

4. To develop a small, economical 
tensile specimen for determining transi- 
tion temperature of steel; eleven of the 
steels which had been tested with the 
12-in.-wide specimen were used for this 
purpose. 


MATERIALS 


Plate from Pierre S. Dupont 

The Liberty Ship Pierre S. Dupont 
suffered several serious cracks of the 
brittle, cleavage type, while weathering 
a severe winter storm at sea on Feb. 10, 
1948. When this casualty occurred, the 
air temperature was 27° F. and the 
water temperature was 42° F. 

One of the deck plates (C-10 on the 
port side) in way of a fracture; but 
which included neither the source nor 
the termination of the fracture, was ob- 
tained for investigation. Seven 12-in.- 
wide specimens from this plate were 
tested; Figs. 1 and 2 illustrate the posi- 
tions of these specimens with respect to 
the fracture. Specimens from this plate 
are designated in this report by the 
letters “DU.” 


Plates from Ponaganset 

The T-2 Tank ship Ponaganset broke 
completely in two on Dec. 9, 1947, while 
moored and under a relatively heavy 
hogging load. The fracture, which oc- 
curred at approximately amidship, was 
of the brittle cleavage type. At the time 
of failure, the air temperature and water 
temperature were 34 and 41° F., re- 
spectively. 


€ 
FF ~ 
1 
PLATE C-I0 
TESTED. NO 3) HATCH 
SIDE 
/—DECKHOUSE— | 
oo 
Lt | 
BOILER | CASING 
| H 
|} 
PLAN - UPPER DECK 


.1 “Pierre S. Dupont”"—Plan view of the upper deck 


The crack started in a weld near the corner of No. 3 hatch and was 
ene of several major cracks invelud in the casualty 


Samples from five of the plates through 
which the fracture passed were tested 
using the 12-in.-wide specimen; Figs. 3 
and 4 illustrate the positions of these 
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Fig.2 “Pierre S. deck c-10 


plates in relation to the path of the 
crack. The stringer plate, in which the 
fracture started, was not tested with the 
12-in.-wide specimen because there was 
not sufficient steel available. 

In this report the five Ponagansei 
plates are identified by a four-letter code, 
the first letter of which is “P” (for 
Ponaganset), the second letter indicates 
the strake, the third letter is either “D” 
or “S,” for “deck” or “side,” and the 
last letter is either “P” or “S” for 
“port” or “starboard.” 


Mill Steels 


Shortly after the promulgation of the 
current American Bureau of Shipping 
specification for ship plate, the Ship 
Structure Committee procured samples 
of %-in. plates, some made to the old 
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Fig. 3 “‘Ponaganset”—Plan view of main deck showing 
the location of test specimens 
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specification and others to the new speci- 
fication for Class B material. These 
plates, which are identified by code 
numbers S1 to S23 and which repre- 
sent 16 different heats, were obtained for 
tests to compare the quality of the steel 
made to the new specification with that 
made to the old one. In addition to the 
tests of the mill steels reported here, 
other steels from this series are being 
tested at the New York Naval Ship- 
yard and at Swarthmore College. 
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In this paper, results of tests of five 
of the “S” series of plates (S1 through 
S5), which conform to the new A.B.S. 
class requirements, are reported. They 
were all rolled from middle cuts of the 
ingots. Plate Sl was coarse-grained 
and was the only plate from its par- 
ticular heat; plate S2 and S3 were from 
one heat, but they differed in grain size; 
likewise, plates S4 and S5 represent two 
different grain sizes from one heat. 
These steels were all semikilled, and the 
fine grain size of plates S3 and S4 was 
achieved by the addition of aluminum 


Table 2—Mechanical Properties of Steel from Pierre S. Du- 
pont, Ponaganset and Mill Heats (1-In. Wide Full-Thick- 
ness Specimens) 


Elonga- 
Tensile Yield tion 
Speci- Gage, strength, point, in8in, RA, Bend 
men in. pst. psi. % % test 
PBDP 52,300 31,900 32.5 OK 
PBDS "/i5 55,600 32,600 31.0 at OK 
59,700 30,500 25.0 OK 
PCDP "/¢ 54,500 34,500 28.0 ee OK 
PISS 65,200 37,100 27.5 OK 
1 3/, 61,400 37,200 27.8 60.0 
$2 58,900 30,500 34.0 
S3 58,000 29,200 33.0 61.0 
65,800 35,900 29.0 58.0 
S5 3, 65,600 38,000 31.0 61.0 
Dn /, 67,200 40,500 27.0 50.1 
62,500 38,000 28.0 52.3 


Le 


6'-0" 


Nn 

u 

rs 

3 


STEEL Si, $2, $3, $4, ond S5 


Fig.5 Mill-Steel Plates S1, S2, S3, S4 and S5 showing the 
arrangement of 12-in.-wide specimens 


(1% Ib. per ton) to the ingot molds. 
In this paper, grain size refers to the 
austenitic grain size at 1700° F., as 
determined by the method of McQuaid 
and Ehn. Particulars of all of the plates 
tested are given in Tables 1 and 2. 

The locations of the specimens in the 
plates of S1, S2, S3, S4 and S5 are 
shown in Fig. 5. 


Table 1—Chemical Analysis in % of Specimens from Pierre S. Dupont, Ponaganset and Mill Heats 


Plate c Mn Si P 
DU 0.26 0.33 <0.02 0.011 
PBDP 0.14 0.38 0.00 0.020 
PBDS 0.15 0.40 0.00 0.020 
PAD 0.22 0.47 0.04 0.021 
PCDP 0.14 0.41 0.01 0.027 
PJSS 0.29 0.45 0.10 0.015 
81 0.19 0.67 0.095 0.007 
$2 0.18 0.61 0.055 0.007 
83 0.17 0.61 0.054 0.007 
S4 0.20 0.92 0.098 0.015 
S5 0.21 0.90 0.09 0.016 
Dn 0.22 0.55 0.21 0.013 
E 0.20 0.33 0.01 0.013 


Type Grain 

F Cu N steel* sizet 
0.035 0.16 0.005 Rim 
0.030 0.17 0.004 Rim 
0.035 0.03 0.004 S-K 
0.030 0.10 0.004 Rim 
0.040 0.03 0.0045 SK 
0.037 0.0047 24 
0.021 0.05 0.0052 
0.020 0.05 8.0046 S-Kt 
0.040 0.13 0.0038 S-Kt 5-7 
0.040 0.12 0.005 S-K 2+4 
0.024 0.22 0.004 Si-K 2 
0 020 0.18 0.002 Rim 


* Rimmed, semikilled (S-K) or Si-killed (Si-K). 
+t McQuaid-Ehn. 


} The steel for these plates was modified by the addition of aluminum in the ingot mold. 


CONDITIONS OF TEST FOR 12-IN.-WIDE SPECIMENS 


Test Specimen 

The test specimen was a 12- x 24-in., 
full-thickness, notched plate; this plate 
was loaded by tension in the direction 
of the longest dimension, which was the 


direction of rolling. The notch effect 
was introduced by a 3-in.-long slot per- 
pendicular to the direction of loading 
and terminating in jeweler’s hack-saw 
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cuts approximately 0.012 in. in width. 
This specimen has been used at the Uni- 
versity of California, University of 
Illinois, Swarthmore College and for 
previous investigations at the David 
Taylor Model Basin. Particulars of the 
specimen are given in Fig. 6. 


Instrumentation 


The apparatus for measurement of 
strain was modeled after that developed 
at Swarthmore College for similar tests. 
Twelve spring clips fitted with bakelite- 
bonded SR-4 strain gauges were used, 
five on each of the specimen’s faces and 
one on each edge. The strain gauges 
were connected by a circuit that aver- 
aged the results from all gauges on a 
single strain indicator. Figure 7 shows 
the gauges mounted on a specimen. 

The spring clips were mounted on a 
9-in.-gauge length, which was equal to 
34 of the width of the specimen. Before 
each series of tests was started, the 
strain-gauge assembly was calibrated 
with a dial micrometer. 

A mechanical extensometer was 
rigged between the heads of the speci- 
men to provide elongation data which 
could be used in the event of failure of 
the SR-4 gauges; no such failures oc- 
curred, however, and all the elongation 
data presented were taken from the wire 
gauges. 


Temperature Control 


The temperature-control equipment 
consisted of an insulated storage box 
for dry ice, a blower and a jacket around 
the specimen, as shown by Fig. 8. 
Electric-resistance heaters were located 
inside the jacket for tests above room 
temperature. The blower and _ heater 
were automatically controlled by a 
thermostat placed inside the specimen 
jacket. The exact temperature of the 
specimen was indicated by two thermo- 
couples embedded in the specimen close 
to the ends of the slot. Silica gel was 
placed inside of the dry-ice storage 
chest to reduce the moisture content of 


€ of Plote 


Fig. 7 Twelve-inch-wide specimen welded to 
headers and set in the 600,000-Ib. 


The twel: of The small tri- 


the circulating air and thus prevent cor- 
rosion of the equipment and electrical 
difficulties with the strain gauges. 
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Fig.6 Twelve-inch-wide-specimen dimensions 
Both the direction of rolling and the direction of pulling corres- 
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Fig.8 Twelve-inch-wide-specimen tem- 
perature-control equipment 
The ice box is on the right under the strain indi- 
cator. The motor in the right fi 
the fan which is buried in a box of sawdust, f from 
the top of which the Phas pote | lagged supply duct 
goes to the box-sha et around the speci- 
men. On the left Ln . the jacket the fan- 
control thermocouple can be seen and to the right 
the return duct to the ice box 


Testing Technique 


The tests were performed in a 600,000- 
Ib. universal testing machine at the 
David Taylor Model Basin. 


The rate of application of load was 
the same for all tests and followed a 
fixed schedule. The load was increased 
from zero to yield at the rate of 50,000 
Ib. a minute; above the yield load, the 
rate of application of the load was regu- 
lated on the basis of the elongation in 
the 9-in. gauge length, as indicated in 
the table. 


Controlled 
rate of 
Elongation elongation 
From yield to 0.2 in. 0.01 in. /min. 
From 0.20 to 0.40 in. 0.02 in. /min. 
From 0.40 in. to failure 0.05 in. /min. 


Elongation readings were made at 1- 
min. intervals until the yield load was 
passed; after yielding, readings were 
made at 2-min. intervals. 

It was not possible, due to character- 
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istics of the apparatus, to detect the 
occurrence of the first crack. The small 
window in the temperature-control jacket 
did not allow a sufficiently good view 
of the notch root for observation of the 
initiation of the crack, and the method 
of connecting the individual gauges had 
the effect of masking any manifestation 
of crack initiation by means of the elon- 
gation measurement. 

Load-elongation curves were drawn for 
each of the specimens tested, and the 
area under these curves was measured 
with a planimeter. From these areas, 
“energy to maximum load” and “energy 
to rupture” were determined. Figure 9 
shows a typical example of such a curve 
for a ductile specimen. 

The surfaces of the fractures of all 
specimens were examined, and _ the 
amount of fibrous and crystalline area 
was estimated. Thus the transition tem- 


400 
380} 
300 
280 
200 
i 
Energy 63,500 in 
180 
10 Totel Energy (A+B) 196,000 in ibe. 
Elongation in inches 
Fig. 9 Twelve-inch-wide specimen—Typical load-elon- 
- gation diagram for a ductile specimen 


perature could be based on either 
absorbed-energy or fracture-mode cri- 
teria. 


1-IN. EDGE-NOTCH TEST 


In using the relatively large and 
costly 12-in.-wide specimen, it is obvi- 
ously desirable to know the approximate 
transition temperature before the tem- 
peratures for the first few tests are 
selected. In the investigation of steels 
from fractured ships this is especially 
important because frequently the amount 
of available material limits the number 
of large specimens that can be manu- 
factured. An effort therefore was made 
to estimate the transition temperature 
of the large specimens from results of 
tests of small specimens. 


In this investigation certain economic 
considerations and mechanical difficul- 
ties made the use of any of the more 
conventional small specimens undesir- 
able. A smali edge-notch tensile speci- 
men, therefore, was devised that could 
be prepared by unskilled personnel and 
without the use of machine tools other 
than a power saw and a drill press, and 
which could be tested in a testing ma- 
chine of 30,000-Ib. capacity. Small edge- 


notch tensile tests are, of course, not 
novel; Davis, et al.,£ Wagner and 
Klier,3 and Tipper® have used such 
tests. 

Experimentation was performed with 
a 1-in.-wide, full-thickness specimen 
with notch geometries as illustrated by 
Fig. 10. To achieve control of tempera- 
ture in the testing of these specimens 
it was found to be satisfactory to cool 
the specimens in a suitable bath to some 
temperature 10 to 20° F. below the 
desired test temperature and then quickly 
to transfer the specimen to the testing 
position in the machine. Thermocouples 
were embedded in the specimen in the 
vicinity of the notch root, and the tem- 
perature was observed during the course 
of the test. 

The speed of testing was so controlled 
that failure occurred after approximately 
2 min. The temperature of the specimen 
60 sec. after the start of the test, at 
which time the load was 15,000 lb. and 
appreciable yielding had occurred, was 
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recorded as the test temperature. This 
temperature differed from the tempera- 
ture at rupture by 3 to 5° F. 

The criterion for ductility with this 
specimen was the maximum contraction 
in thickness between the roots of the 
two notches, a measurement that could 
be easily and quickly made with a 
pointed micrometer. 


RESULTS 


Definition of Transition Temperature 

The method used to determine the 
transition temperature was the one sug- 
gested by Osborn, Scotchbrook, Stout 
and Johnston,?° in which the observed 
values of the criterion used for deter- 
mining the transition temperature were 
averaged for each temperature and the 
plotted points so obtained were joined 
by a series of straight lines. The transi- 
tion temperature was defined as the 
point on the curve corresponding to the 
value of the criterion midway between 
its maximum and minimum values. 


12-In.-Wide Specimens 

The transition temperatures of the 
steels, as determined by tests of the 12- 
in.-wide specimens and according to the 
criteria, total absorbed energy and frac- 
ture appearance, are listed in Table 3. 
Both stress, in pounds per square inch, 
and energy, in inch-pounds per square 
inch, are based on the net effective area 
of the cross section of the specimen in 
way of the slot. Data from the indi- 


le 


Fig. 10 Dimensions of I-in. edge-notch n 
In all of the tests reported the specimens were oriented so hat the 
Jong dimension ded to th: ofthe 


vidual tests are presented graphically 
by Figs. 11 and 12. 


1-In. Edge-Notch Specimens 

Data from tests of the 1-in. edge- 
notch specimens are presented graphi- 
cally by Figs. 13, 14 and 15. Numer- 
als opposite plotted points on these fig- 
ures designate duplicate results. Table 
3 lists the transition temperatures of the 
steels as determined by this specimen, on 
the basis of the contraction at the root 
of the notch. 


Table 3—T: ition Temp in® F. of Steels as Determined by Various Tests 
12-in. men tests 1-in. edge-notch tests 
' Keyhole V-Notch Navy 
No. Energy’ lo fracture 1/, in., Hack Jeweler’s Cl q Charpy, Tear 
Steel tests rupture appearance hole saw hack saw 15 ft-lb. 165 ft-lb. test 
DU 7 107 62 ez 
PBDP ll 46 46 71 ES 90 
PBDS ll 60 127 18 110 
PAD ll 104 102 152 12 150 
PCDP ll 54 55 54 -3 ae 
PJSS il 58 60 89 -6 90 
SI 12 50 73 118 130 15* 100 
$2 15 61 62 124 110 
83 15 55 56 195 6* 
S4 15 -27 -14 31 —50* —20 
85 15 31 34 76 es 70 
Dn 28t 18 19 49° 87° 72° —62* -18* 70° 
E 35t 81 77 160° 180° 175° 27° 90° 140° 


* Not the same plate as used for the 12-in.-wide specimens. 
t Tests by Swarthmore College and the University of of Illinois, 
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Fig. 11 Twelve-inch-wide speci- 


mens—Results of tests of samples 
removed from fractured ships 
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Fig. 12 Twelve-inch-wide speci- 
mens—Results of tests of mill 


steels 
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Fig. 15 One-inch edge-notch lati by 
fracture appearence and total abvorbed enerays 
wide specimen 


of specimens with notchey terminating im jewelers san 


FINDINGS AND DISCUSSION 


One of the principal objectives of Figs. 16 through 20. In these graphs, 
this investigation was the development each point represents the transition tem- 
of data useful for the establishment of perature as determined by each of the 
correlation between test results from the two methods being compared. The AT 
12-in.-wide specimen and those from indicated is the arithmetic mean of the 
the various small specimens. This cor- difference between the transition tem- 
relation is graphically represented by peratures of each steel as determined 
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Fig. 17 results from I-in. edge-notch 


Correlation of 
specimen’ with '/;-in. holes and 12-in.-wide specimens 


Z 


Fig. 19 Correlation of results from keyhole Charpy and 
12-in.-wide specimens 


by the methods being compared. The 
straight lines are drawn at 45° through 
the value of AT. This construction 
represents a simple, though not neces- 
sarily true, relationship between the 
tests. 

For the edge-notch tensile specimens 
with saw-cut notches, the value of AT 
is based on those specimens with ordi- 
nary hack-saw cuts only. The specimens 
notched with a jeweler’s hack saw, how- 
ever, showed transition temperatures so 


a 

YA 
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0 -40 -20 20 40 60 60 100 
Energy-Abdsorption Transition Temperature, °F, for Specimens, 


Fig. 18 Correlation of results from I-in. edge-notch and 
12-in.-wide specimens 
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Fig. 20 Correlation of results from Navy tear test and 12- 
in.-wide specimens 


close to those with the ordinary hack- 
saw cut that both types are plotted on 
the same graph. 

As is evident from Fig. 16, transition 
temperature on the basis of fracture 
appearance shows excellent correlation 
with transition temperature on the basis 
of absorbed energy for the 12-in.-wide 
specimen. 

Correlation between transition tem- 
peratures as determined by the edge- 
notch tests, the Charpy tests or the 
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TRANSITION TEMPERATURE OF SHIP PLATE 


Navy tear test on the one hand, and 
tests of the 12-in.-wide specimens on the 
other, is poor to fair, as indicated in 
Table 4, and it must be concluded that 
precise relationships between the tests 
are not established. 


In comparing results from the Navy 
tear test and the 12-in.-wide specimen, 
it should be noted that the definitions 
for transition temperature differed in 
the two tests; in the Navy tear test, 
transition temperature is defined as the 
highest temperature at which one or 
more specimens showed an _ energy- 
to-propagate value of less than one-half 
of the energy level of the predominantly 
shear region, while the transition tem- 
perature with the 12-in.-wide specimen 
was as defined under “Results.” How- 
ever, when the transition temperature 
by the Navy tear test was determined 
by using the same definition as was used 
for the 12-in.-wide specimen, it was 
found that the scatter in the correlation 
between results from the Navy tear test 
and the 12-in.-wide specimen was essen- 
tially unchanged and the AT was in- 
creased by only about 4.5° F. Conse- 
quently, the commonly used definition 
for transition temperature for the Navy 
tear test was used throughout this 
paper. 


Effect of Addition of Aluminum 


It is interesting to note from Table 3 
that the addition of aluminum to steel 
S2 lowered the energy-transition tem- 
perature only about 6° F., while the 
same addition lowered the transition 
temperature of steel S5 by about 58° F. 
The grain-refinement effect however, 
was about the same for both steels, re- 
ducing the grain size by 5 or 6 numbers. 
A very likely explanation for this differ- 
ence is the observed occurrence of fissur- 
ing in steel S4. Thus, in the case of 
steels S5 and S4, which were from the 
same heat and differed only in that 
aluminum was added to steel S4, steel 
S5 showed no fissures in the 12-in.-wide 
specimens while steel S4 showed ex- 


Table 4—C lation of T: iti 
In.-Wide Speci E Ab 


Temperatures with 12- 
ion ition 


BY ‘em- 
perature 
Deviation, 
No. 
Test of AT, Mari- 
specimen Criterion —stecls mum Mean 
12-in.-wide 
Speci Apr 13 1 12 2'/, 
l-in. edge- 
notch, '/s- 
in. hole Thickness 8 38 4l'/2 
reduction 
l-in, edge- 
notch HSC Thickness 8 65 34 il 
reduction 
l-in. edge- 
notch JSC Thickness 3 75 20'/, 14 
reduction 
Keyhole 
Charpy 15 ft.-Ib. 12 -52 40 14'/; 
V-Notch 
Charpy 15 ft.-Ib, 3 -1 35 23'/2 
Navy tear test Energy 12 40 31'f, 


tensive fissuring. In the case of steels 
S2 and S3, which also were from one 
heat but differed in that aluminum was 
added to steel S3, neither showed signif- 
icant fissures in the 12-in.-wide speci- 
mens. The effect of fissuring in lower- 
ing transition temperature has been ob- 
served previously.* 


Transition Temperature of Steels 
Tested with the 
12-In.-Wide Specimens 


No conclusion as to the role of the 
steel quality in the failure of the Pierre 
S. Dupont and Ponaganset can be justi- 
fied on the basis of the results in Table 
3. While it is true that plate PAD from 
Ponaganset had a relatively high transi- 
tion temperature, it should be realized 
that the fracture did not start in this 
plate but merely traversed it, as it did 
other plates with lower transition tem- 
peratures, e.g., plate PBDP which had 
a transition temperature 58° F. lower 
than that of plate PAD. 

Likewise, the results of the tests of 
the ABS Class B steels are insufficient 
to permit any generalization as to the 
quality of steels made to the new Class 
B specification. Judgment of the merits 
of the specification revision represented 
by the Class B steel must be based on 
a broader sampling and further tests. 
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1-In. Edge-Notch Tension Test 


In the course of testing the 1-in. edge- 
notch tensile specimens, it was observed 
that those specimens which were cov- 
ered with mill scale frequently revealed 
yielding by the sudden separation of 
scale flakes. This yielding was studied 
in several specimens by means of a 
lateral-contraction gauge located at the 
notch root in order to determine how 
the nominal stress at yielding in the 
edge-notch specimens compared with the 
yield point as determined by conven- 
tional unnotched tensile specimens. Re- 
sults of these preliminary studies showed 


that while some edge-notch specimens 
had a sharply defined yielding, other 
specimens did not, and a definite yield 
phenomenon in the edge-notch specimens 
could not be correlated with the yield 
point as determined by unnotched speci- 
mens. These preliminary studies were 
therefore abandoned. : 

Correlation with results from tests of 
the 12-in.-wide specimen indicates that 
the edge-notch specimen with a saw-cut 
notch can predict transition behavior in 
the large specimen at least as well as 
other small specimens. 


CONCLUSIONS 


Transition temperature as determined 
by the 12-in.-wide specimen is essen- 
tially the same by either the absorbed- 
energy or the fracture-appearance cri- 
terion. 


Since this investigation represents 
only one phase in a series of wide- 
plate tests, no other general conclusions 
are warranted on the basis of the data 
presented in this paper. 
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SCREWSHAFT CASUALTIES 


SCREWSHAFT CASUALTIES—THE 
INFLUENCE OF TORSIONAL 
VIBRATION AND PROPELLER 
IMMERSION 


end of this reprint. 
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INTRODUCTION 


Soon after the conclusion of the late 
war a pronounced increase in the screw- 
shaft casualty rate of certain classes of 
10,000-ton dead weight merchant ves- 
sels, built in America under the emer- 
gency program, began to cause concern 
in maritime circles, at first mainly in 


America, but later also in Europe and 
elsewhere, as transfers of the U.S. sur- 
plus fleet to other flags began to take 
effect. The casualties took the form of 
fatigue cracks, or fractures, at the large 
end of the screwshaft cone. 


GENERAL 


The class of vessel chiefly affected has 
been the well-known “Liberty,” or E.C.2- 
S.C.1 type, although the trouble has 
also been common in the Canadian “Vic- 
tory” type and, to a lesser extent, in 
some of the oil-burning vessels of the 
“Canadian” type. 

The approximate general specifica- 
tion of these vessels is as follows :— 
length 416 feet b.p., breadth 56.9 feet 


moulded, depth 37.33 feet moulded to 
upper deck, summer draught 27 ft. 9 
in., gross tonnage about 7160, dead 
weight tonnage 10,000. 

Fig. 1 shows the general arrangement 
of the “Liberty” type vessel, including 
bunkering and ballasting capacities. 

It may be stated that all these classes 
are generally similar as regards hull 
form and propelling machinery and 
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Fic. 1—Ballast and bunker arrangements for“ Liberty” vessels 


differ in the former respect only slightly 
from the well-known U.S. built “Ocean” 
type, which, in turn, was based on the 
British “North Sands” design developed 
on the North-East coast, the prototype 
vessel being named S.S. Empire Liberty. 

The principal differences between the 
various. American-built vessels lie in 
the steam generating plant, in the super- 
structure, and extent to which welding 
is employed, and in the bunkering and 
ballasting arrangements. 

The propelling machinery of the U.S. 
built “Oceans” and “Libertys” and the 
Canadian “Victorys” consists of a triple- 
expansion steam engine having three 
cylinders, 241%4-inch, 37-inch, and 70- 
inch diameter by 48-inch stroke, with a 
steam pressure of 220 Ib. per sq. in., and 
with superheat. The design was devel- 
oped by The North-Eastern Marine En- 
gineering Co., Ltd. The shafting sizes 
and arrangement, also the propellers, 
stern frames, and rudders are for all 
practical purposes identical (see Figs. 
2 and 13). The rated service horsepower 
of the main engines is 2500 Ihp. at 76 
Rpm., and details of the 4-bladed, solid, 
manganese bronze propeller are indi- 
cated in Fig. 2. The rudder is of a spe- 
cial American design, known as the 
“Goldschmidt” type, whereas in the orig- 
inal “North Sands” class a conven- 
tional semi-balanced type was fitted. 

The principal differences between the 
types are that whereas the “Ocean” ves- 
sels have coal-fired Scotch boilers of a 
total heating surface of 7140 sq. ft., 
both the “Libertys” and the Canadian 
“Victorys” are oil-burning with water- 


tube boilers of approximately 10,000 sq. 
ft. heating surface. The “Canadians” 
have Scotch boilers, either oil- or coal- 
fired. Further, the “Libertys” and a few 
of the Canadian “Victorys” have deep 
tanks of a total capacity of 650 tons in 
No. 1 hold, in addition to the deep tank 
abaft the engine-room of capacity 760 
tons. The latter is also fitted in the 
“Oceans,” which have, however, a 500- 
ton cross-bunker forward of the boiler- 
room, and a 600-ton 2nd deck bunker in 
way of the engine- and boiler-rooms. 
The presence of the cross-bunker, of 
course, cuts down the effective length of 
No. 3 hold, but on the other hand, the 
latter may be used as additional bunker 
space (955 tons) on long voyages. 


Fic. 2—Stern arrangement of “Liberty” ship 


data 
Gia, 


Pitch varying (16ft. mean) 


Surface, 117 sq. ft. 


Loss/diameter ratio 0-14 
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SCREWSHAFT CASUALTIES 


STATISTICS 


The construction of the largely welded 
dry cargo “Liberty” type of vessel was 


begun in the United States in January ~ 


1942, and altogether no less than 2580 
were built, of which 2315 remained at 
the conclusion of hostilities, representing 
a total gross tonnage of nearly 17 mil- 
lion tons, or about 20 percent of the 
world total for 1947 (13% percent in 
number) of all vessels greater than 500 
tons gross. 

Information at lst December 1948, 
revealed that altogether a total of 583 
“Liberty” screwshafts have been re- 
newed, including during the past three 
years about 100 casualties at sea with 
resulting loss of propeller. The cost of 
these breakdowns in salvage and de- 
murrage charges alone needs no empha- 
sis. 

Fig. 3 shows the monthly world totals 
of propeller losses at sea for the three 
years ending 3lst December 1948, as 
derived from information published in 
Lloyd’s List. The diagram also indicates 
the monthly proportion of “Liberty” 
casualties, and in the lower graph the 
number of non-“Liberty” failures. The 
figures in brackets on the “Liberty” 
graph give the estimated casualties per 
1000 “Liberty” vessels in service during 
each month and do not include “Liberty” 
tankers. 

It will be seen that the heaviest casu- 
alty rate for “Libertys” occurred in the 
summer and autumn of 1947 and that 
the present rate is very considerably 
reduced. 

The large drop occurring in early 
1948 is most probably to some extent a 
reflection of the recommendations of the 
American Bureau of Shipping, firstly, 
in May 1947, for more frequent examina- 
tion of shafts (2 years instead of 3 
years), and secondly, in January 1948, 
for a reduction in maximum engine 
speed to 66 Rpm. loaded, and 70 Rpm. 
light. On the other hand, it should be 
remarked that the smaller number of 
casualties at sea must inevitably have 


2. 38 i] 
DEC. 197 DEC. 1948 DEC. 
---- Total casualties 
— “Liberty” casualties 


Figures on the curve give approximate casualties per 1,000 
Liberty” ships in service fo feat on United States statistics of 
number of “laid-up” vessels) 


ze 

a 


ns “Liberty” 


propellers at sea over 


~ 


been influenced by the very appreciable 
reduction in numbers of “Liberty” ves- 
sels in service between the peak casualty 
period of July 1947, and the spring of 
1948, say 20 to 25 percent fewer ves- 
sels at sea, Accordingly, in the absence 
of parallel information on the rate of 
renewal of “Liberty” screwshafts from 
all causes, it would be premature to 
assume that all is now well. Meteoro- 
logical sources state that North Atlantic 
weather in 1947 was not as a whole 
unusually stormy, although periods of 
uncommonly severe gales did occur in 
the early part of the year, particularly 
in early January. 

Analysis of the statistics of non- 
“Liberty” propeller losses at sea shows 
that the ratio of casualties for steam- 
reciprocating vessels, compared with 
motor vessels, is approximately the same 
as that of their respective world totals 
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TABLE I 
Hampton Roads } 
Lourenco Marques 
USA. 
‘Charleston 
New York 
New York 
| La Plata 
| Bucnos Aires 
Demerara 
Vancouver 
I Philadelphia 
17 Montreal 
18 Vancouver 
19 Naples 
Vancouver 
Charleston 
Hampton Roads 
| Paranam 
San Francisco 
Mackenzie 
Vancouver 
| 
| | 
| | | | 
— | 
1 | New York | 
Venice | 
| | | 
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| 
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96 Melbourne 
| 
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100 
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Fic. 4(a)—Geographical location in the Atlantic area of “Liberty” ships at the-time of propeller loss 


in numbers, thus indicating that neither 
class of vessel is inherently more prone 
to screwshaft breakages at sea. 

It may be of interest to observe that 
for the 12-monthly period ending 31st 
December 1947, of the total of 6161 
vessels classed with Lloyd’s Register, of 
which more than 4000 screwshafts were 
examined by the surveyors, only 13 were 
found broken and 74 condemned for 
cracks, representing respectively 0.21 
percent and 1.2 percent of the total ves- 
sels classed, and the greatest number 
of renewals occurred in April and Octo- 
ber. 

Figs. 4(a) Atlantic, and (b) Pacific, 
shows the geographical location of the 
individual “Liberty” vessels at the time 
of propeller loss, together with their 
approximate course, again based on 
Lloyd’s List. 


Table I is the key to Figs. 4(a) and 
(b) and lists the details of casualty voy- 
ages, also, where known, the loading 
condition at the time, with or without 
information as to the draughts when 
leaving the last port of call. 

As would be expected from considera- 
tions of traffic density, the north Atlantic 
area includes by far the greatest num- 
ber of casualties. Of the world total of 
101 casualties, 55 occurred in the north 
Atlantic north of about latitude 30 deg. 
N., and of these no less than 52 were 
west-bound, and although information is 
lacking in the case of 3 vessels, at least 
47 were on ballast voyages at the time. 
Of the “Liberty” world total casualties 
enquiries have revealed that no less than 
81 occurred when in ballast, despite in-- 
formation being lacking in the case of 
8 vessels. 
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Fic. 4(6)—Geographical location in the Pacific area of “Liberty” ships at time of propeller loss 


It is perhaps of significance that the 
majority of breakdowns took place when 
on a course contrary to the prevailing 
winds, the principal casualty areas be- 
ing the western Atlantic and U.S. east- 
ern seaboard, the Channel approaches, 
the Azores, and mid-Pacific around 
Honolulu. 

As regards the north Atlantic casual- 
ties the balance, or rather lack of bal- 
ance, of trade, prevailing since the war, 
together with U.N.R.R.A. and Marshall 
Aid, has undoubtedly caused a pre- 
dominantly easterly flow of cargoes, 
more particularly as carried in American 
bottoms. Furthermore, having regard to 
the relative costs of bunker oil in the 
United States, as compared with Europe 
(for example, about 33% percent greater 
in the U.K.), the majority of these ves- 
sels would bunker in the U.S. for a 
return voyage to Europe, the homeward 
leg of which would usually be made in 
ballast. Thus. those vessels returning 
from N.W. Europe and nearing the 


American seaboard, or those from Italy 
and S. France in the vicinity of the 
Azores, would at the time of casualty 
have steamed anything from 5000 to 
6000 miles, which at 11 knots and 27 
tons per day represents a total consump- 
tion of up to 540 tons of oil fuel. This 
is, of course, quite normal, but where. 
as is usual from considerations of con- 
tamination, oil fuel tanks are not re- 
plenished with water ballast and addi- 
tional dry ballast is not carried, it will 
undoubtedly be found difficult in the 
“Liberty” type of vessel to strike a rea- 
sonable compromise between adequate 
propeller immersion and sufficient 
draught forward to give satisfactory 
steering qualities and minimize pound- 
ing damage. 

Detailed discussion of the ballasting 
problem is included in a later section. 

At this stage reference must be made 
to the almost complete immunity from 
screwshaft failures enjoyed by the coal- 
burning “Ocean” class, only one case of 
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SCREWSHAFT 


a condemned shaft having been reported, 
and this after a period of six years 
service. It may also be significant that 
this particular vessel had been con- 
verted to oil fuel seven months pre- 
viously. 

The “Ocean” class vessels were built 
in the U.S. to the order of the British 
Government over the period 1941-42. 


CASUALTIES 


The total number built was 60, of which 
18 became war casualties and the re- 
maining 42 have been operating for an 
average period of about 6% years, 
mostly under British ownership, whereas 
the bulk of the “Liberty” casualties have 
occurred after a very much shorter 
period of service, in some cases only a 
few months. 


THE CHARACTER OF SCREWSHAFT FAILURES 


Fig. 5 shows details of the “Liberty” 
type propeller shaft tail end, from which 
it will be noted that the design follows 
normal practice and incorporates the 
modern sled-runner type keyway. A 
standard type of rubber-ring sealing ar- 
rangement is also indicated between the 
end of the bronze liner and the usual 
recess in the propeller boss. It should 
be noted that precisely similar keying 
and sealing arrangements were used on 
the “Ocean” class screwshafts. 

In the Canadian “Victory” vessels, 
however, the semi-circular ended type of 
keyway was usually adopted, but it 
should be noted these shafts were by no 
means immune from failure as will be 
seen from Table II. A study of this 
table indicates that a common type of 
failure is characterized by cracking 
parallel to one or both faces of the key- 
way, more usually on the driving side, 
sometimes associated with cracks radi- 
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ating from the forward end of the key- 
way, again usually, but not invariably, on 
the driving side. The parallel cracks are 
mostly situated about 34 inch from the 
side of the keyway and frequently begin 
circumferentially for a short distance. be- 
fore turning parallel to the latter. They 
are sometimes accompanied by axial 
cracking along the root fillet (if any!) 
of the keyway (see ships O, T, and V, 
Table II), and the material between the 
parallel crack and the keyway is in some 
cases honeycombed with fine cracks. 
Fig. 6 is a representative example of 
this type of failure (ship T), which, as 
shown in Table II, is almost invariably 
accompanied by a badly fitted propeller 
and, or alternatively key and not infre- 
quently also by evidence of corrosive 
attack. In the latter case examination 
of the rubber sealing ring usually reveals 
the cause. 


: SECTION OF Key 


Fic. 5—Details of Liberty” propeller shaft tail end 
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Where the propeller has been slack 
on the taper, it is also common to find 
a bronze deposit on the shaft surface, 
indicative of rubbing or fretting action 
between the surfaces. This class of 
failure bears strong symptoms of exces- 
sive bearing pressure on the sides of the 
keyway at the forward end, most prob- 
ably due to heavy fluctuations of tangen- 
tial loading, which in the absence of 
frictional grip in the slack taper fit, 
have to be carried by the sides of the 
keyway alone. Where no proper fillet 
is provided at the root of the keyway, 
this type of cracking is facilitated. 

As regards the cracks radiating from 
the forward end of the keyway these 
may be inclined at from 45 deg. to 60 
deg. to the shaft axis and reach several 
inches in length. Cases also occur where 
circumferential cracking takes place in 
way of the sealing ring, particularly 
where the latter has permitted sea water 
leakage and, or alternatively where the 
shaft has been nicked circumferentially 
on account of careless machining of the 
liner end. It is of interest to note that 
micro-examination of some of the cracks 
described in Table II showed them usu- 
ally to be trans-crystalline in character ; 
further, the micro-structure of the nietal 
was fine-grained and uniform. In addi- 
tion, mechanical tests showed the ma- 
terial to have a tensile strength of about 
30 ton per sq. in. with a yield strength 
of 14 ton per sq. in., and a reversed 
bending -endurance limit of + 13% ton 
per sq. in. The possibility of defective 
material being responsible for the fail- 
ures would thus appear to be ruled out, 
especially since a considerable number 
of different forges and steelworks were 
involved. 


The failures so far described have re- 
ferred to Canadian-built vessels, in most 
of which the round-ended type of key- 
way was used. Some illustration of frac- 
tured “Liberty” type screwshafts will 
now be given. Fig. 7 shows a typical 
torsional fatigue type of fracture, prob- 
ably emanating from the forward end 


Fic. 6.—Typical example of cracked screw- 
shaft in “Canadian Victory” type. 


of the keyway. From the appearance and 
extent of the oyster-like ring markings 
reported it would seem that approxi- 
mately one-half of the section was 
cracked before final rupture took place. 
The vessel was two days out from Ant- 
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‘TABLE or TypiCAL SCREWSHAFT FAILURES IN CANADIAN “VICTORY” AND “CANADIAN” TyPE VESSELS 


| Location of cracking 
Condition | Compres- Fit of Fit of | Wasa radius 
Ship | of sealing| sion of | propeller | key in |giventokey-| Parallel to | Radiating | Circumfer- Remarks 
ring sealing ring) on taper keyway |wayatroot?| keyway (from forwardentially at 4 
lendofkeyway, of liner 
A Good Slight Good Slack Yes ©) 
incl 
B Good - Slack Slack No Ys (D) be Ang - Some pitting 
Good Yes (L) Yes (D) Moisture oozed from cracks 
Slack . 4 inch 60 
D - Slack Slack - i (D) Yes (D) - Some pitting 
i 
E* Bad Slight Poor Poor — _ — Yes Some corrosion, shaft nicked 
at end of liner 
G Good Good Good Yes (D) 
H Good Good Good Good — aod Yes (D) _ Sled type keyway 
Good Good - Yes (D) - 
K Good | Good 
L Bad Yes (D) joint in rubber ring 
Good Pal Good Good => 
° Bad ight Slack Slack Poor Ye Yes (D) — Bad corrosion; bottom of 
P Good Good Good Yes (L) - 
and (L) 
9 inch 
R Good Nil Poor Slack Yes = - 
and (L) 
s Slack | Yes) 
z a - Slack Poor Poor Yes (D) — Pitted, also cracked in root 
8 inch fillet 
U Slight Slack Yes (D) - 
ve _ - Slack (nut| Slack = Yes (D) —_ = After heavy weather in light 
slack also)| 1/32 in. 14 inch condition 
at root 


*="Canadian” type vessel, Scotch boilers, oil-fired, no deep tanks forward. 
Notes—(1) (D)=driving side of keyway when running ahead. 
(L)=leading side of keyway when i 


(2 Aa keyways of round. 


werp for New York in ballast with a 
leaving draught aft of 17 ft. 8 in. (see 
Table I and Fig. 4, vessel No. 66). Fig. 
8 is a beautiful example of the disas- 
trously weakening effect of corrosion 
under the action of repeated stress ac- 
centuated by different kinds of stress- 
raisers. The fatigue cracks at both cor- 
ners of the sled-type keyway, also on 
each side of the tapped hole for the 
forward key-retaining bolt, will be 
noted, the inclination of the cracks being 
something like 60 deg. to the shaft axis. 
It should be stated that apart from the 
cracks shown, the root of the keyway 
was cracked for its full length on the 
driving side and part length on the 
leading side. No fillet radius had been 
given to the keyway. The forward part 
of the root crack on both sides, when 
opened up, presented a zig-zag or saw- 
tooth appearance, clearly indicative of 
torsional fatigue stress, and this was 


running 
-ended type, except where stated. 


Fic. 7.—Typical example of screwshaft 
failure in “Liberty” type. 
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confirmed by the appearance of a num- 
ber of the characteristic corrosion- 
fatigue star cracks, again at about 60 
deg. to shaft axis after hot etching the 
bottom of the keyway abreast the tapped 
hole. The shaft was also heavily cor- 
roded underneath the leaky rubber ring 
and was cracked circumferentially all 
round the shaft, except at the end of 
the keyway, to a depth of up to ## inch. 
Metallurgical examination of the shaft 
material, including mechanical tests, 
showed that the steel was of good 
quality, with a tensile strength of 30 ton 
per sq. in., 34 percent elongation in 2 
inch and over 30 ft-lb. Izod impact 
value. In this example it would appear 
from the orientation of the fatigue 
cracks that combined bending and tor- 
sional stresses were responsible for the 
failure. 

The next example, Fig. 9, shows a 
corrosion-fatigue crack at the end of the 
shaft liner. The fissure can be seen run- 
ning partly circumferentially and partly 
inclined to the shaft axis. 

Figs. 10 and 11 show different views 
of another “Liberty” shaft which broke 
at sea, and here the familiar fatigue 
ring markings are clearly in evidence, 
indicating that the point of initiation 
of the crack was roughly at 90 deg. from 
the keyway, i.e., in line with one of the 


Fic. 8—Typical crack patterns in “Liberty” 
screwshafts. 


Fic. 9.—Typical crack patterns in “Liberty” 
screwshafts. 


propeller blades. The fatigue crack, 
which extended over more than half the 
cross section, was only slightly helical, 
and suggests that combined bending 
and torsional stresses took part in bring- 
ing about failure. This vessel lost her 


2 
Fic. 10.—Fractured “Liberty” screwshaft 
(see also Fig. 11 for end view). 
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Fic. 11.—Fractured “Liberty” screwshaft 
(see also Fig. 10 for side view). 


propeller when two days out from Rouen 
for Hampton Roads. She was in ballast 
with a mean draught between 14 ft 6 
in. and 16 feet (see Table I and Fig. 4, 
vessel No. 24). 

Fig. 12 illustrates another type of 
“Liberty” fracture, the cracks luckily 
being detected at an early stage of their 
development and then only by the appli- 
cation of magna-flux methods, being in- 
visible to the naked eye or to the glass, 
except when highly polished and under 
very strong oblique lighting. In this 
case, which is apparently typical of a 
fair number of “Liberty” failures, there 
was evidence that the propeller was a 


Fic. 12—Cracked tail shaft, S.S. Bendoran 


slack fit on the taper at the forward end 
and the key was also a poor fit in the 
shaft. It will be noted that the cracks 
run along the root of the keyway (very 
small fillet radius was provided) for 
about 1 inch on both sides before ex- 
tending through the sides of the key- 
way in a circumferential direction. The 
fracture probably corresponds to the 
early stages of that shown in Fig. 6 for 
the round-ended keyway in the Cana- 
dian “Victory” shaft. In the case of 
Fig. 12 the shaft was four years old and 
had been drawn for examination only 
six months previously. There was no 
indication of corrosive action. 

It may be of interest to quote one 


Taste I1I—Summary OF I-Nope, THIRD Orper Stresses RECORDED BY TORSIOGRAPH 


3rd order critical Draughts 
Torsiographed Condition of 
No. Name of vessel Type by Screwshaft vessel 
r.p.m. stress, Forward Aft 

Ib. per sq. in. ft. in. ft. in. 
1 S.S. Samoa “Liberty” ae ~ 71 + 3,000 In ballast 13 0 15 6 
2 S.S. Benarty “Liberty” Lloyd’s 16 + 2,850 Part loaded - 3 

ex Ammia 
3 S.S. Clan Macfadyen* “Liberty” Lioyd’s 76-5 + 4,000 In ballast 90 13 6 
+ S.S. Ira Nelson Morrist “Liberty” G.E.C. 78-5 + 4,400 In ballast 8 0 14 6 
(for A.B.S.) 

5 S.S. Clan Macbeth* “Ocean” Lloyd's 71 + 3,400 In ballast 8 6 13 6 
6 __|S.S. Bendoran “Liberty” Lloyd’s 


76°5 + 3,000 | In ballast 70 


Note.—All stresses derived from Geiger torsiograph records except where stated. 


t In this vessel stresses were recorded 
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more description of a “Liberty” type 
failure as actually reported by a sur- 
veyor in August 1948:—“. . . on both 
sides of the keyway and at about 25 
mm. from the forward end of the key- 
way, cracks had started and extended 
around the circumference of the shaft 
for about 45 mm., running aft at an 
angle of about 45 deg. Further, on the 
starboard side the crack extended down- 
wards for the full depth of the keyway. 
There were also signs of a second crack 


on the starboard side at about 25 mm. 
aft of the main crack. . .. There were 
signs of the key having borne heavily 
on the forward starboard side of the 
keyway. . . .” This would seem to be a 
clear case of torsional fatigue loading, 
aggravated probably by a badly fitted 
key. That the cracks occurred on both 
sides of the keyway strongly suggests 
the action of an alternating tangenital 
stress such as could be set up during 
heavy torsional oscillation. 


TABLE IV—NaTuRAL FREQUENCY TABULATION: ONE-NopE TORSIONAL VIBRATION 


No. of Mass Jig, Jig p?, e Jig @, p? e, Cc, Twist, 
mass tb. ink sec2 HE radians in. Ib. in. Ib. Ib. in. per rad. radians 

1 Valve 245 0-143 x 106 1-0000 0-143 x 106 0-143 x 106 1,390 x 106 0-0001 
2 .p. cyli 14,705 8-5900 x 10° 0-9999 8-590 x 106 8-733 x 106 1,330 x 106 
3 Valve gear 245 0-1430 x 106 0-99334 0-142 x 106 8-875 x 106 1,330 x 106 0-00667 
a m.p. cylinder 15,335 8-9500 x 10° 0-98667 8-830 x 10° 17-705 x 106 1,337 x 106 0-01325 
5 Valve gear 295 0-1722 x 106 0-97342 0-1678 x 10° 17-8728 x 106 1,108 x 106 0-01612 
6 Lp. cylinder 18,343 10-7100 x 106 0-95730 10-2500 x 10° 28-1228 x 106 1,542 x 106 0-01821 
7 ‘urning gear 3,557 2-0760 x 106 0-93909 1-948 x 106 30-0708 x 106 23-6 x 10° 1-27300 
8 | Propeller 154,000 90-000 x106 | —0-33390 |—30-07 


F=230-6v.p.m. p?=0-000584 x 10°, 
S.S. Bendoran 
Built-up crankshaft. Manganese-bronze propelicr, partially immersed. 
(Draught aft approximately 13 feet) 


INVESTIGATIONS INTO THE CAUSES OF FAILURE 


(A) Torsional Vibration 


As soon as it was suspected that the 
outbreak of screwshaft failures in 
American war-built vessels could be at- 
tributed to systematic causes, and after 
careful study of the nature of the re- 
ported fractures, it was decided to in- 
vestigate the torsional vibration charac- 
teristics of the shafting system. Detailed 
calculations were therefore made on both 
sides of the Atlantic and agreement was 
reached that 1-node natural frequency 
was of the order of 230 Rpm. for the 
most usual combination of manganese 
bronze propeller and fully built crank- 
shaft (a minority were fitted with cast- 
iron propellers) (see Table IV). It was 
thus apparent that the third order criti- 
cal speed could be expected at about 76 
Rpm., i.e., coincident with the maximum 
service speed of the engines. Attempts 
were then made by various methods of 
calculation to estimate the maximum 
stress in the screwshaft resulting from 


operation on this critical at resonance. 
However, the results were found to vary 
widely, mainly on account of uncer- 
tainty as to the appropriate value of the 
engine damping factor. Reference to the 
normal elastic curve (Fig. 13(b) will 
show that in the steam reciprocating 
engine type of installation, the total en- 
gine moment of inertia is considerably 
less than that of the propeller, and 
therefore the relative amplitude of vi- 
bration at the engine for the 1-node 
mode may be as much as three times 
that at the propeller. In oil engine in- 
stallations with machinery amidships, on 
the other hand, the reverse usually ob- 
tains and the propeller amplitude may 
be three to five times that at the engine, 
or even more. In the steam engine instal- 
lation, therefore, the influence of engine 
damping becomes correspondingly more 
important in estimating vibration 
stresses, and for the same reason a more 
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Fic. 13(a) (b) (c)—Shafting arrangement and normal elastic curves for 1-node mode of torsional vibration, showing location 
f of torsiographs for tests on S.S. Bendoran 


accurate knowledge of the harmonic 
exciting torques from the engine cylin- 
ders is desirable. 

Torsiograph measurements were 
therefore made on a number of “Liberty” 
vessels on both sides of the Atlantic and 
the recorded results of some of these 
tests are summarized in Table III. It 
will be seen that the calculated 1-node 
natural frequency has been confirmed 
and the measured stresses range from 
+ 2850 Ib. per sq. in. to + 4400 Ib. per 
sq. in. It will also be noticed that ves- 
sel No. 5, S.S. Clan Macbeth, is of the 
“Ocean” type which, as previously men- 
tioned, have identical engine-shafting- 
propeller systems to the “Libertys.” 
The measured stress of + 3400 Ib. per 
sq. in. in this vessel compares with the 
average of + 3450 Ib. per sq. in. for the 
five “Libertys,” thus confirming the 
similarity of the two types as regards 
torsional vibration stresses. 

In the case of vessel No. 1 difficulty 
was experienced in forcing the engines 
above 77 Rpm., and as a result some 


doubt remained as to whether the peak 
stress had in fact been reached. 

This uncertainty was dispelled in ves- 
sel No. 2, when a maximum engine 
speed of 80 Rpm. was attained, at which 
the measured stress had fallen to + 2600 
Ib. per sq. in. In both these vessels 
the records were taken by means of a 
single Geiger torsiograph, belt driven 
from the intermediate shafting at sev- 
eral points. With this method of non- 
synchronous recording no account is 
taken of the fact that as a result of 
propeller damping there will, in general, 
be a phase difference between the 
records taken at any two positions 
along the shafting which is not exactly 
0 deg. or 180 deg. (depending upon 
whether the two positions are on the 
same or opposite sides of the theoretical 
nodal position). Such a phase difference 
persists at resonance and therefore to 
derive the true amplitude of twist in the 
shafting it is necessary to use the meas- 
ured vector difference of the two ampli- 
tudes. (See Appendix I.) 
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Fic. 14—Geiger torsiograph records S.S. Bendoran and S.S. Clan Macbeth 
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With these considerations in mind, 
therefore, the stresses recorded by 
Lloyd’s Register in the case of the re- 
maining three vessels in Table ITI, i.e., 
Nos. 3, 5, and 6, were all derived from 
amplitudes measured simultaneously by 
two phased Geiger instruments driven 
from two different points on the line 
shafting (see, for example, Figs. 13 and 
14 for vessel No. 6). Further, as a check 
on the accuracy of this procedure, in the 
case of vessels Nos. 3 and 5 simultane- 
ous electrical recordings were made by 
means of an a.c. bridge network of 
electrical resistance strain gauges se- 
cured to the shaft surface in the usual 
45 deg. arrangement, the connections 
being taken off through special slip 
rings and brush gear. The output from 
the bridge, after suitable amplification, 
was fed into an M.I.T.,* photographic- 
ally recording oscillograph. Fig. 15 
shows a typical example of M.I.T. film 
record for the 3rd order critical speed 
on the S.S. Clan Macfadyen. 

For electrical recording of the rela- 
tively low frequencies of torsional oscil- 
lation characteristic of marine shafting 
installations, the a.c. bridge technique 
is strongly to be recommended if trouble- 
free operation and accurate results are 
required. The drawback to the ordinary 
d.c. excited bridge method is, of course, 
the difficulty of designing stable ampli- 
fiers for such low frequencies. 

As a proof of the accuracy of both 
methods of recording employed, it can 
be stated that for vessels Nos. 3 and 5 
the results showed agreement in stress 


MEAN TRANSMISSION STRESS PER REVOLUTION 


OIA SCREWSHAFT. (L8/SO.IN) 


MEAN ENGINE RPM MEASURED OVER | REVOLUTION 


TIME (SECS). 


stress in screwshaft, S.S. Clan Macbeth during racing 


within 4 percent and 2 percent respec- 
tively, between the two methods, 24- 
ordinate harmonic analysis being em- 
ployed both for M.I.T. and Geiger rec- 
ords. The higher figure is quoted in 
Table III in each case. 

During the trials on the S.S. Clan 
Macbeth on passage from London to 
Glasgow a south-westerly gale was en- 
countered in the Channel and with the 
vessel drawing only 13 ft., 6 in. aft, 
severe racing occurred. The opportunity 
was therefore taken to record the tor- 
sional stresses in the shafting and the 
engine speed variations, using both the 
Geiger torsiograph and the M.I.T. elec- 
trical equipment. Fig. 16 shows curves 
of mean engine speed per revolution 
and mean transmission stress in screw- 
shaft per revolution, as derived from 
strain gauge and timing traces. It is 


REV. MARKER 
FIXED TIMING 


TRACE - 3000 vpm. 
RECORDED I-NODE, 
ORDER CRI 


Fic. 15—M.1.T. film, S.S. Clan Macfadyen 


* M.I.T. = Massachusetts Institute of Technology. 
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significant to observe that even with the 
Hp. engine expansion link shut well in 
and with an efficient governor set to 
cut off steam at about 85 Rpm., speed 
surges still occurred between 50 and 112 
Rpm. This is a fundamental limitation 
of non-anticipating type of governor, 
in of the torsional vibration strains in 
the intermediate shafting so far as the 
expansive power of the steam remaining 
in the Hp. receiver is always available 
to accelerate the engines. Fortunately, 
the corresponding recorded variations 
of mean stress in the screwshaft per 
revolution only ranged from 150 to 1300 
Ib. per sq. in. While recording with the 
forward Geiger torsiograph, however, 
the flank of the 2nd order, 1-node tor- 
sional vibration critical was picked up 
between about 100 and 114 Rpm., at 
which latter speed it was approaching 
resonance (see Fig. 14(E)). The corre- 
sponding vibration stress in the screw- 
shaft was calculated at + 8200 lb. per 
sq. in. (see Appendix II). Previous 
calculations had indicated that the reso- 
nant speed for this critical, assuming 
the screw to be completely out of water 
(and thus without the usual 25 percent 
increase in moment of inertia to allow 
for entrained water), would be between 
118 and 120 Rpm. (see Table V and 
Fig. 13(c)). Further, it had been esti- 
mated that the 2nd order vibration 
stress at resonance, assuming no pro- 
peller damping, would be of the order 
of + 15,000 Ib. per sq. in. in the screw- 
shaft. The measured stress value of 
+ 8200 Ib. per sq. in. at 114 Rpm. thus 
appeared reasonable. Unfortunately, 


however, no speeds higher than 114 
Rpm. were recorded during the trial, 
and in consequence uncertainty re- 
mained as to the maximum value of the 
2nd order resonant stress. 

Various alternative means were con- 
sidered whereby this information could 
be obtained, and through the courtesy 
of the directors of Messrs. Wm. Thomp- 
son and Co., managers of Ben Line 
Steamers, Ltd., Leith, it was finally 
decided to carry out special trials on 
another “Liberty” ship, the S.S. Ben- 
doran. The proposed procedure was to 
run the engine light with the vessel 
trimmed by the head sufficiently to bring 
the screw clear of the water. 

The trial party joined the vessel in 
Hull and took torsiograph records on 
ballast passage to Leith, using two 
phased Geiger instruments as previ- 
ously. In addition a tachometer had been 
fitted to the main engine and in order 
to derive engine speeds more accurately, 
a special 4-per-revolution contact had 
been arranged on the line shafting. An 
accurate timing trace was also pro- 
vided by means of a ¥%-second clock. 
The distance between the two torsio- 
graphs was about 60 feet and Fig. 13(a) 
shows their location on the line shaft- 
ing. The draughts of the vessel during 
the voyage to Leith were approximately 
7 feet forward and 13 feet aft. It had 
been hoped that heavy weather records 
might have been obtained on passage, 
but unfortunately there was fog with a 
flat calm sea. It was therefore neces- 
sary to fall back on the original proposal 
to trim the vessel on arrival at Leith. 


TABLE V—NatTuRAL FREQUENCY TABULATION: ONE-NODE TORSIONAL VIBRATION 


No. of Mass Jig, Jeg p?, Jg p? ©, Jig p? @, Twist, 
mass Ib. in. sec.2 radians in Ib. radians 
1 Valve ge 245 0-1524 x 106 1-0000 0-1524 x 106 0-1524 x 106 1,390 x 106 0-000109 
2 14,705 9-1400 x 106 0-99989 9-14000 x 106 > x 106 1,330 x 106 0-0069 
3 Valve gear 245 0-1524 x 106 0-1513 x 106 9-4437 x 106 1,330 x 106 0-007110 
H m.p. cylinder 15,335 1,337 x 106 0-0141 
x xt 19x1 1,108 x 106 7 
x x x1 x 106 1-3, 
8 123,200 600 x! —0-41 —31-937 x106 0 


F=238-3 v.p.m. p?=0-000622 x 106. 
S.S. Bendoran. 
Propeller inertia excluding entrained water. 
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FIG 14(4) 
23000psi 


DERIVED FROM 


22000psi 


it1ocopsi 


TORSIONAL VIBRATION STRESS In ISK DIA. SCREWSHAFT. 


Fic. 17—Resonance curve; 3rd order, 1-node, S.S. Bendoran 
at sea 

(Vessel’s draughts: Forward 7ft., aft 13ft. approx.) 


However, the 3rd order critical speed 
was recorded at sea, giving a stress of 
+ 3000 Ib. per sq. in. in the screwshaft. 
Fig. 14(A) shows sections of the rec- 
ords at the resonant speed of 76-77 Rpm. 
and the calculations are given in Ap- 
pendix II. The 3rd order resonance 
curve is plotted in Fig. 17. 

Preliminary calculations had _indi- 
cated that with the vessel fully dis- 
charged a sufficient trim by the head 
could be obtained by emptying the after 
peak tank and filling the fore peak tank, 
the forward double bottom tank, and 
Nos. 1 and 2 deep tanks, but in addition 
it would be necessary to flood No. 1 
hold with about 600 tons. 


Fic. 18—-SS_ Bendoran 
731 


Before proceeding with the test, care- 
ful consideration was given to the 
strength of the after bulkhead in No. 1 
hold, also to the bending stresses in the 
hull girder, and to the stability of the 
vessel in the proposed heavily trimmed 
condition, bearing in mind the large 
free surface in No. 1 hold, and the 
difficulty of ensuring that all other tanks 
were either completely empty or pressed 
up. As a final check on the calculations 
an inclining experiment was carried out 
during the night before the tests with 
the vessel moored in Leith docks, the in- 
clining moment being obtained by pump- 
ing 15 tons of oil fuel from one engine- 
room settling tank to the other. The 
results indicated that the stability in the 
trimmed condition would be adequate. 
Accordingly, the trimming operation 
was proceeded with, the final draughts 
being 18 ft., 5 in. forward and 3 ft. aft. 
Under these conditions the propeller 
blade tips were immersed 1 ft., 9 in., 
which it was judged would provide 
negligible damping to the torsional vi- 
brations. 

Fig. 18 shows the vessel in her 
trimmed condition, and Fig. 19 gives a 
close-up view of the vessel’s stern. 

The purpose of the test was simply to 
measure the value of the 1-node, 2nd 
order stress in the screwshaft at reso- 
nance under comparable conditions to 
those obtaining during racing at sea. 


in trimmed condition. 
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Fic. 19—SS Bendoran in trimmed con- 
dition; close-up of stern. 


Accordingly, the Hp. engine expansion 
link was shut in to a minimum and the 
engine controlled on the hand throttle 
alone. Despite the short duration of the 
test, it was considered prudent to open 
the water service to the stern tubes. The 
operation of the engine controls during 
the race was entrusted to one of the 
Ben Line’s senior chief engineers, in 
whose capable hands the engines were 
safely accelerated to a maximum speed 
of 140 Rpm., as shown by the tachom- 
eter. It had been intended not to ex- 
ceed 125 Rpm., but owing to the negligi- 
ble resistance load, accurate speed con- 
trol was difficult. Fig. 20 shows the 
engine speed during the race plotted as 
mean Rpm. per revolution against time 
in seconds as derived from the timing 
traces on the torsiograph records. On 
the diagram is drawn to the same scale, 
for direct comparison, a portion of the 
corresponding graph, Fig. 16, obtained 
from S.S. Clan Macbeth during racing 
at sea, from which it will be seen that 
the accelerations in the vicinity of tht 
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TWHE— SECONDS 
Fic. 20—Engine speed-time curve for racing test, SS. Bendoraa 
—-—-~ Derived irom torsiograph records for $$. Clan Macbeth during racing at sea 


2nd order critical, from say 100 Rpm. 
upwards, are of the same order in the 
two cases, the speed rise in the S.S. 
Bendoran being, if anything, somewhat 
slower. 

During the run-up, four 1-node criti- 
cal speeds were clearly picked up, i.e., 
the 6th, 4th, 3rd, and 2nd orders, from 
with the 1-node natural frequency 
with the propeller substantially free was 
measured to be approximately 240 Rpm. 
It will be noted from Fig. 20 that at 80 
Rpm., corresponding to the 3rd order 
critical speed, a pause was made for 
about four seconds during which the 
vibration built up to a steady value, but 
that the remaining criticals were passed 
through fairly rapidly. Fig. 14(B) 
shows phased sections of the records at 
the 3rd order resonant speed of 80 
Rpm. and the calculations for stress at 
resonance are given in Appendix II, 
from which it will be seen that the 
maximum value attained was about 
+ 8000 Ib. per sq. in. in the screwshaft. 
It will be observed that owing to the 
virtual absence of propeller damping, 
the phase difference between points on 
opposite sides of the node is almost 180 
deg., and the screwshaft stress is more 
than doubled, as compared with the 
measured value of this critical at sea, 
although the mean indicated pressure in 
the engine cylinders must have been 
very little more than the frictional 
mean pressure, or say 10-12 percent of 
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that at full power. Clearly the major 
source of energy input must have been 
the 3rd order component of the inertia 
torques due to the reciprocating masses 
(see Appendix III). The same critical 
speed was also picked up on the run- 
down, but owing to the much greater 
rapidity with which it was passed 
through (see Fig. 20), the recorded 
stress amounted to only + 4900 Ib. per 
sq. in. as determined from a _ record 
taken on Geiger F alone (see Fig. 
14(C)). 

Fig. 14(D) is a section of the for- 
ward Geiger record showing the passage 
through the 2nd order critical during 
the run-up. Unfortunately, the after 
Geiger was hitting the stops during this 
period, but since the phase difference 
was 180 deg., the stress can be readily 
calculated from the simple formula :— 


(1) 
z(1 
where f= vibration stress at resonance 
in 15% inch diameter 
screwshaft (-t lb. per sq. 
in.). 

Z =sectional modulus of shaft 
in torsion (inch*). 

6» = recorded amplitude of swing 
at forward Geiger 
(+ radians). 

Cy = calculated torsional stiffness 
of shafting between pro- 
peller and Geiger F (lb.- 
in. per radian twist). 

J, = mass moment of inertia of 
dry propeller (\b.-in.- 
sec.”). 

pb. = phase velocity of vibration 
at resonance (radians per 
sec.). 


Inserting the numerical values and 
the appropriate maximum value of 6, 
from the record (see Appendix IT), the 
maximum value of the 2nd order stress 
is found to be + 9850 Ib. per sq. in. in 
the 15%4-inch diameter screwshaft. In 
this case, owing to the acceleration of 


TORSIONAL VIBRATION STRESS IN 15.4 OVA SCBFWSNAFT 
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21—Resonamee curves, SS trimmed 
(Vessel’s draughts: Forward 18ft. Sin, aft Mt) 


the engines and propeller, there was a 
mean torque at the critical of about 20 
percent of full load torque. 

Resonance curves for the various cri- 
tical speeds are plotted in Fig. 21, but 
for the 2nd order only the peak value 
is shown with, for comparison, the stress 
value of + 8200 lb. per sq. in. at. 114 
Rpm. as measured on the S.S. Clan 
Macbeth during racing at sea. It will be 
seen that these two points plot fairly 
well together, particularly bearing in 
mind that engine damping can vary 
widely in otherwise identical installa- 
tions. 

From the results of this test it is 
estimated that under racing conditions 
at sea the maximum value of the 2nd 
order vibration stress in the screwshaft 
may, on the average, be of the order of 
+ 12,500 Ib. per sq. in. (see Appendix 
III). Should, however, the peak of the 
speed surge happen to fall at about 120 
Rpm., it is possible that even higher 
stresses may be built up. 

To complete the story of the S.S. 
Bendoran it should be added that on 
changing the screwshaft in dry-dock 
after the tests, the old shaft was found 
cracked under the magnetic test, as al- 
ready described in relation to Fig. 12. 
Further, as luck would have it, when 
leaving Leith again in light ballast con- 
dition (draughts leaving: 6 ft., 9 in. 
forward, 14 ft., 7 in. aft; arriving Mid- 
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dlesbrough: 8 ft., 2 in. forward, 14 ft., 
5 in. aft) the vessel ran into a south- 
easterly gale (wind force 8-9) with 
rough head seas and heavy swell, caus- 
ing her to pound heavily with severe 
racing. Subsequent inquiry of the en- 
gineers revealed the interesting fact 
that the engines, although well linked-in, 
raced repeatedly from 40 to 140 Rpm. 
under hand-throttle control (a governor 
has since been fitted), and it was esti- 
mated that the maximum speed surges 
occurred about 10 times per watch. 


(B) Bending Stresses 

That the known torsional fatigue 
stresses acting on the screwshafts of 
“Liberty” vessels are associated to some 
extent with bending fatigue stress is 
undeniable, but as to their numerical 
value, it is only possible to make some- 
what speculative calculations at the 
present time as defined by more or less 
arbitrary assumptions. It is possible, 
however, that the obvious mechanical 
difficulties involved in their measure- 
ment by means of strain gauges will 
soon be overcome, in which case our 
knowledge of the actual stresses to 
which screwshafts are exposed in heavy 
weather will be greatly clarified. 

Two calculations have been made to 
determine the possible order of magni- 
tude of bending fatigue stresses in the 
“Liberty” screwshaft, and details are 
indicated in Appendix IV (a) and (b). 

Calculation (a) relates to the ballast 
condition in smooth water with a 
draught aft of, say, 14 ft., 7 in. and a 
mean draught of 11 ft., 5 in. (Condi- 
tion VII, Table VI). In these circum- 
stances, with two blades vertical the 
upper one will have about % of its 
length unloaded, and it is assumed that 
the reduction in unbalance caused by the 
inner % is negligible. The calculated 
stress value of + 2540 Ib. per sq. in., 
when added to the bending stress of 
+ 1600 Ib. per sq. in. due to dead 
weight, gives a total variation of bend- 
ing fatigue stress, at each of the four 
90 deg. angular positions approximately 


defined by the blade center lines (see 
Fig. 11), of + 4140 Ib. per sq. in. 

Calculation (b) is admittedly more 
arbitrary and is intended to explore the 
conditions existing when the ballasted 
vessel is racing heavily to speeds of 
upwards of 120 Rpm. in head seas, 
which have resulted in the vessel’s speed 
being reduced to, say, 6 knots, probably 
quite a common condition in the North 
Atlantic in winter-time. The assumption 
is made that during re-immersion after 
a speed surge the revolutions have fallen 
to 100 Rpm. by the time the lower blade 
in its vertical position has its center of 
thrust at 80 percent of tip radius from 
the shaft axis, also that the effective 
thrust under these conditions is about 
one-half of that which would be exerted 
by each blade if the screw were normally 
submerged at the same slip. It will be 
noted that the resulting stress value ob- 
tained is about + 8000 Ib. per sq. in. 
It is realized, of course, that in prac- 
tice the actual thrust would probably 
be reduced by cavitation effects and by 
the high degree of aeration of the sur- 
face water in the wake under the turbu- 
lent conditions envisaged. On the other 
hand, this reduction may be balanced to 
some extent by the impactive or blow 
effect as the blade enters the water at 
high velocity. However, the object is 
merely to attempt an approximation 
under certain specific conditions as an 
aid to bridging the gap between ignor- 
ance and fact. 

In both calculations (a) and (b) use 
has been made of Troost’s results for 
his series B.4.40, although his boss- 
diameter ratio was 16 percent greater 
giving an 8 percent smaller D.A.R. Also 
his blade thickness fraction of 0.045 
compares with 0.0405 for the “Liberty” 
design. In other respects fair similarity 
exists. 

(C) The Strength of the Keyed 
Propellor Assembly in Fatigue 

In an attempt to assess the strength 
of the round-ended and_ sled-runner 
types of keyway under fatigue loading, 
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it may be convenient at this point to 
summarize briefly the results of pub- 
lished experimental work. 

Peterson* carried out rotating-beam 
endurance tests on a 36 ton per sq. in. 
tensile normalized medium carbon steel 
having an unnotched bending fatigue 
strength of + 16% ton per sq. in., and 
his results show nominal stress concen- 
tration factors of 1.61 and 1.32 for the 
round-ended and sled-runner type key- 
ways respectively, ic., a 22 percent 
greater reversed bending fatigue 
strength in the case of the sled-runner 
type. The diameter of the specimens, 
however, was only 1 inch and the key- 
way section 4  % inch. Thus, the re- 
sults could be appreciably affected by 
very small machining differences; fur- 


ther, it does not follow that the same. 


ratio would apply in the 15%4-inch 
diameter shaft. Again, the tests were 
carried out in reversed bending only and 
it is by no means certain that a similar 
ratio would be obtained under reversed 
torsional stresses, or, as is probably 
more nearly correct for a ship’s pro- 
peller shaft, under conditions of steady 
torsion with superimposed combined 
bending and torsional fatigue loading. 
Finally, Peterson’s results did not in- 
clude the effect of clamping stresses 
such as must be produced at the top of 
the taper by the edge of the propeller 
boss recess and by the end of the shaft 
liner. 

As regards the latter Thum? has 
presented some comparative data from 
similar fatigue tests carried out in re- 
versed bending on a soft steel of 27 ton 
per sq. in. tensile having an unnotched 
fatigue strength of + 15% ton per sq. 
in. His results agree fairly well with 
Peterson’s for the unclamped condition, 
i.e., stress concentration factors of 1.7 
and 1.25 for the round-ended and sled- 
runner types respectively, or 36% per- 
cent higher endurance limit for the 


* Peterson, R. E. 
having Keyways. 


latter type. However, when clamping 
was applied, the plain polished fatigue 
limit without keyway fell to + 8% ton 
per sq. in. (53 percent of unclamped), 
and the stress concentration factors for 
the round-ended and sled-runner types 
amounted to 2.33 and 2.59 respectively, 
i.e., the round-ended keyway was slightly 
stronger. However, Thum’s work is 
probably subject to much the same sort 
of limitations as Peterson’s when at- 
tempting to apply the results to the full- 
size propeller shaft, and until large- 
scale tests prove otherwise, it seems 
there is little to choose between the two 
types for ship’s propeller shafts. The 
influence of clamping stress on the other 
hand, whether from the end of the 
shrunk-on liner or from the propeller 
boss recess, merits closer attention and 
it would seem prudent to endeavor, so 
far as possible, to avoid the double 
stress concentration effect of the key- 
way end and the clamping stresses. It is 
therefore suggested that the minimum 
distance between the end of the keyway 
and the end of the liner might be limited 
to say, % of the screwshaft diameter. 
For the “Liberty” design this would 
represent only 3 percent increase in 
nominal shaft stress at the end of the 
keyway, allowing for the 1:12 taper. 
It will have been noted from the vari- 
ous failures already described that in a 
number of cases the fatigue cracks, orig- 
inating from the end of the keyway, 
commenced to propagate at first in a 
circumferential direction, suggesting at 
first sight the result of bending stresses. 
In this connection, however, it may be 
well to quote some work carried out by 
Gough? in reversed torsion on 0.4-inch 
diameter “Armco” iron shafts having 
round-ended keyways 0.109-inch and 
0.055-inch wide by 0.036-inch deep. He 
reported that for unclamped specimens 
in every case fracture commenced by a 
crack occurring at, and developing 


1932. Proc. Am. Soc. Test. Mat., Vol. 32, part 2, p. 413, “Fatigue of Shafts 


t Thum, A. 1935. Trans.N.E.C.Inst. Eng. and Shipbuilders, Vol. 51, p. D.122 (discussion) 
+ Gough, H. J. 1924. Brit. Aero. Research Comm. Reports, Vol. 2, p. 488. 
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along, a junction of the bottom and one 
side of the keyway (root fillets 0.001 
inch to 0.005 inch). When the section 
was reached at which the shaft diameter 
increased (i.e., where the keyway end 
met the fillet radius from the grip por- 
tion), the crack usually developed in a 
circumferential direction. Again, when 
the specimens were clamped with a 
keyed-on boss, the cracks started just 
inside the boss axially along both junc- 
tions of the bottom and sides of the 
keyway and finished up by a circum- 
ferential type of failure. The stress con- 
centration factors for keway alone and 
keyway clamped amounted to 1.14 and 
1.5 respectively, i.e., about 24 percent 
additional reduction in fatigue strength 
due to clamping. Similar experiments 


carried out on a 0.65 percent carbon . 


steel, without clamping and with or 
without keyways, gave fractures which 
in all cases were helicoidal, sometimes 
double helicoidal. 

The above results tend to show that in 
a relatively soft mild steel, such as a 
propeller shaft forging, the presence of 
a circumferential crack does not neces- 
sarily imply that bending stresses are 
always responsible, although it is rea- 
sonably certain that where approxi- 
mately 45 deg. helicoidal fractures occur, 
torsional stresses have played a major 
part. 

Recent experiments by Dorey# on the 
strength of mild steel marine shafting 
in reversed torsion have indicated that 
the presence of a round-ended keyway, 
without clamping, in a 10%-inch- 
diameter shaft may reduce the nominal 
fatigue strength to about + 10,000 Ib. 
per sq. in. Assuming that the effect of 
the clamping stresses is to reduce this 
latter figure by a further 25 percent, it 
is estimated that the nominal fatigue 
strength of a well-fitted propeller shaft 
keyed assembly may be of the order of 
+ 7500 Ib. per sq. in. for reversed tor- 


sional stresses acting alone. It has been 
shown by Gough and Pollard || that 
when reversed bending stresses act upon 


-plain polished small-scale mild steel 


specimens subjected simultaneously to 
reversed torsional stresses, the value of 
the applied torsional shear stress at the 
fatigue limit for the combined condi- 
tions is reduced below that which could 
be withstood under reversed torsional 
shear stress acting alone, a similar effect 
being found for bending fatigue strength. 
In these circumstances, it would seem 
prudent to reduce both bending and 
torsional fatigue loading on propeller 
shafts to the minimum, especially where 
these may act simultaneously. 

Under steady conditions in smooth 
water, with some bending fatigue pres- 
ent, such as when the propeller is partly 
immersed in the ballasted condition, it 
is estimated from the evidence so far 
available that the fatigue strength of a 
well-fitted propeller assembly, expressed 
in terms of nominal reversed torsional 
stress, may be of the order of + 6000 
Ib. per sq. in. It should always be borne 
in mind, however, that this estimated 
value may be seriously reduced in serv- 
ice on account of a variety of causes. 
such as extremes of stress concentra- 
tion arising from machining errors, 
badly fitted parts, corrosive environ- 
ment, and previous overstress. The lat- 
ter is particularly important and will 
now be considered. 


(D) The General Effect of Overstress 
on Fatigue Strength 


Whatever may be the actual magni- 
tude of the bending fatigue stresses it 
seems clear that under conditions of 
severe racing appreciable torsional and 
bending fatigue loading will be applied 
to the screwshaft. 

It is a well-established fact that al- 
though mild over-stressing in fatigue 
may actually raise the endurance limit 


t Dorey. S. F. 1948. Proc. I.Mech.E., Vol. 159, p. 399, “Large Scale Torsional Fatigue Testing 


of Marine Shafting.” 


| Gough, H. J. and Pollard H. V. 1935. Proc. I.Mech.E., Vol. 131, p. 3, “Strength of Metals 


under Combined Alternating Stresses.” 
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of mild steel, the reverse applies when 
the combination of amount and num- 
bers of cycles of previous overstress ex- 
ceeds certain limiting values. For most 
materials it is possible to plot on the 
usual S-N diagram what is known as a 
“damage line,’ which expresses the 
limiting number of cycles of a given 
overstress which the material can with- 
stand without failure occurring in less 
than 107 cycles when re-tested at the 
virgin fatigue limit. For many materials 
this damage line has a form similar to 
the S-N curve, but with the high stress 
end pulled down. Some cases have been 
reported where the damage line almost 
coincides with the S-N curve, indicat- 
ing large capacity for absorbing punish- 
ment by overstress without damage. In 
other cases the damage line may be sub- 
stantially horizontal from which it may 
be concluded that even the smallest 
amount of overstress applied for a very 
few cycles will produce damage. A 
good example of the latter type of be- 
havior has been reported by Russell and 
Welcker § for a 0.35 percent annealed 
carbon steel having a reversed bending 
fatigue strength of + 16 ton per sq. in., 
although it is stated that some improve- 
ment was obtained by suitable heat 
treatment. 


A particularly important series of 
tests on the effect of overstress in reduc- 
ing fatigue strength has been carried 
out by Miiller-Stockf and others. The 
material investigated was a low carbon 
steel (St. 37) having a reversed bend- 
ing fatigue strength of + 13.8 ton per 
sq. in. The material withstood 30,000 
cycles of stress at an overstress of 
+ 20.3 ton per sq. in. It was found that 
when different batches of test pieces 
were all previously overstressed by 45 
percent at + 20 ton per sq. in., but each 
batch for a different number of cycles, 
say, 5000, 10,000, etc., then when re- 
tested to determine the respective batch 


H. W. and Welcker, W. A. 1936. 


aoe. H., Gerold E. and Schultz, E. H. 
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fatigue limits, the new S-N curves were 
all substantially parallel to the virgin 
curve, but increasingly below it depend- 
ing upon the number of cycles of previ- 
ous overstress. Thus, at 25,000 cycles 
of overstress at + 20 ton per sq. in. the 
fatigue limit had fallen as low as + 10 
ton per sq. in., or only 72 percent of the 
virgin fatigue strength. 

It therefore seems clear that where a 
shaft may be subjected periodically to 
cycles of comparatively heavy over- 
stress, whether torsional, bending, or 
combined, the ability of the material to 
withstand continuously otherwise quite 
moderate fatigue stresses may well be 
seriously impaired. 


(E) The Ballasting Problem.in 

the “Liberty” Ship 5 
From an examination of Fig. 4 and 
Table I there is strong evidence to sug- 
gest that the high percentage of screw- 
shaft failure in the “Liberty,” Canadian 
“Victory,” and similar oil-burning types 


_ may be closely linked with the difficulty 


of ensuring adequate propeller immer- 
sion when in ballast. 

Bearing in mind the almost complete 
immunity of-the coal-burning “Ocean” 
vessels, it was decided to compare the 
two types. by. calculating the draughts 
under a number of different ballast con- 
ditions. The results of these calculations 
are summarized in Table VI and the fol- 
lowing notes refer to the various con- 
ditions. assumed therein :— 


“LIBERTY” Type 
Condition I. 

Full bunkers igi No. 3 deep 
tank. 

Forward deep tanks empty. . 

Condition IT, 

As for Condition. I,. but showing 
effect of adding 420 tons water 
ballast in No. 2 —- tank for- 
ward. 

Proc. Am. Soc. Test. Materials, Vol. 36, part 2, 


1938. Archiv. F. Eisenhiittenwesen., Vol. 12, 
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TABLE VI 
“Liberty” “Ocean” 
Condition 
1 m |W v va | « I m 
170 3,248 
Freshwater 56 56 56 56 to 10 3%) S| 10 | Fresh water (No. 4 Tw. Dk.) 
No. 1 D.B. tank ... 9 9 | — | Fresh water (No. 5 Tw. Dk.) 
No. 3 DB tank (OF)... m2) — - 24 332 | 332 | 332 | No.2 D.B. tank (S.W.) 
No. 4 D.B. tank (R-F.W.) 6 | 6] 12] 132] 158] 158] 158 | No.3 DB tank (SW) 
No. 5 D.B. tank (O.F.) m2) 22] 32) — | — 236) 109 | 109 | 109 | No.4 D.B. tank (S.W.) 
No. 6 D.B. tank (O.F.) | 108 | 108 | 108 | tos | 108 | 108 | 110) — 114 | | No.6 DB. tank (RF.W.) 
No. 3 decp tank (O.F.) mo] — | 246 | 246 | 246 | No. 7D.B. tank (S.W.) 
ER. settling tanks (O.F.) vor | sor | sor | | | Stor | | ous | ous | ts | Nos Dw. unk 
Fore peak tank (S.W.) | 45 | | M5] Ms] ™ — 734 | Deep tank abaft E.R. (S.W.) 
After peak tank (S.W.) iss | 185 | 155 | 155] 185] 155} 195] 155] 1 124 | 124 | 124 | Fore peak tank (S.W.) 
No. 1 deep tank (S.W.) <= 166 | 166 | 166 | After peak tank (S.W.) 
No. 2 deep tank (S.W.) 420} 420 955 — No. 3 lower hold (bunkers) 
No. 2 hold (dry ballast) .. - - - - - - - 30 602 02 —_ | Second deck bunker (coal) 
No. 3 hold (dry ballast) 615 | 615 | 300 | 500 | 280 | Cross-bunker (coal) 
Ballast displacement (tons) 3.717 | 6137 | 5,172 | 5,177 | 3,990 | 4,780 | 5,170 | 8,032 | 7,452 ] 7,634 | 6,900 |. 5,732 | Ballast displacement (tons) 
ft. in. | ft. in, | fe. in. | ft. im. | fe. in. | ft. im. | fin. | fim. | in, | in. | im. | fe. in. 
Mcan draught in S.W. 25/13 S$) S| 9 7) S| 1610) 1S 16 O| 14 | 12 6 | Mean draught in SW. 
Trim by stern. 4 Of) 54) 590) | 34] 6 4 6 44] 7 4 14) 8 8 | Trim by stem 
Draught forward S| 5 8] 8 6 383) 12 12-6] 12 2] 12 7 
Draught at 16 10 | 15 54] 17 13] 16 4 16 24} 14 7 | 21 18 103] 19 11 | 16-84] 16 Draught aft 


Condition III (end of 6000-mile round 
voyage). 

As for Condition I, but 545 tons oil 
fuel burnt from double-bottom 
tanks Nos. 2 and 3 and not re- 
placed by water ballast. 

Condition IV (end of 6000-mile 
round voyage). 

As for Condition I, but 540 tons 
oil fuel burnt from No. 3 deep 
tank. 

Condition V. 

Represents extreme condition at end 
of very long voyage (say after 
60 days steaming at 11 knots). 
Only No. 6 double bottom and 
engine-room settling tanks left 
(210 tons = say 8 days steam- 
ing). 

One-half of reserve feed water used 
and reduced drinking water and 
stores. 

No water ballast in any oil fuel 
tanks. 

Condition VI. 

As for Condition V, but showing 
effect of filling No. 3 deep tank 
with water ballast to improve 
propeller immersion. 

Condition VII. 
As for Condition VI, but showing 


effect of filling No. 2 deep tank’ 


with water ballast to improve 
immersion forward. 
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Condition VIII. 

Special scheme of ballasting intro- 
duced by U.S.M.C. during war 
for North Atlantic convoys. In- 
cludes 1500 tons dry ballast in 
No. 2, 3, and 4 holds and 680 
tons oil fuel, mainly in double 
bottom. 

Condition IX (end of 6000-mile round 
voyage). 
As for Condition VIII, but with 
double bottom fuel tanks Nos. 3, 
5, and 6 burnt out, leaving 100 
tons in settling tanks only (about 
4 days steaming). 


“OCEAN” Type 


Condition I. 

Full bunkers (2057 tons), includ- 
ing No. 3 lower hold. 

Full water ballast, including 734 
tons in deep tank abait engine- 
room. 

Condition IT. 

As for Condition I, but without 
deep tank, in order to reduce com- 
pressive stress in deck plating in 
sagging condition. 

Condition III (end of long voyage, 
say 44 days). 

Fuel almost burnt out, only 300 tons 
left in cross-bunker (714 days 
steaming). 

All water ballast in, including deep 
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tank; otherwise corresponds to 
“Liberty,” Condition VI. 

For reasonable immersion forward, 
however, the comparison should 
be with “Liberty,” Condition VII. 

For the “Liberty” type, comparing 
Conditions I and II, it is seen that with 
full bunkers the effect of filling No. 2 
deep tank forward (420 tons S.W.) is 
to increase the draught forward by 
about 3 ft., 6 in., but reduce propeller 
immersion by 1 ft., 4%4 in. Thus, in the 
case of Condition III, at the end of a 
short voyage of 6000 miles with draughts 
5 ft., 8 in. forward and 17 ft., 1% in. 
aft, and assuming that for reasonable 
behavior in head seas the draught for- 
ward should be at least 8 ft., then the 
most that could be expected aft would 
be about 16 ft., obtained by partial fill- 
ing of forward deep tanks. This would 
leave 3 ft., 9 in. of the blade tips break- 
ing surface, or nearly half the effective 
blade length. 

If bunkers were consumed from No. 
3 deep tank instead of Nos. 2 and 3 
double bottoms, as in Condition IV, 
propeller immersion would suffer even 
more, with a draught aft of 14 ft., 4 in. 
only. This procedure, fortunately, is 
unlikely to be followed in practice. 

Conditions V, VI, and VII are in- 
tended to represent the condition with 
fuel almost burnt out at the end of a 
very long voyage (Condition V), and 
to show the effects of filling water bal- 
last, first in No. 3 deep tank to improve 
propeller immersion (Condition VI) 
and, secondly, of adding to this water 
ballast in No. 2 deep tank to correct 
draught forward to at least 8 ft. (Condi- 
tion VII). It is significant that under 
this latter condition a draught aft of 
only 14 ft., 7 in. can be expected, leav- 
ing 5 ft., 2 in. of the blade tips break- 
ing surface. 

For comparison with this latter condi- 
tion a similar calculation has been made 
for the “Ocean” type, Condition III 
(end of long voyage), from which it 


will be seen that with about the same 
draught forward (8 ft., 1% in.) more 
than 2 ft. better immersion is obtained 
aft; in fact, with this class of coal- 
burner there seems little need to go 
much below 17 ft. aft. 

The comparison between the two types 
would clearly show even more to the 
advantage of the “Oceans,” where, as 
is probably more common from con- 
siderations of the price and availability 
of steam coal, bunkering is carried out 
in U.K. ports, often before making a 
westward North Atlantic passage in 
ballast, instead of at the loading port 
as probably has been more usual prac- 
tice with the “Libertys.” 

It is well known that the conditions 
of war service demanded deeper ballast- 
ing of tramp type steamers, partly on 
account of the routing of convoys in 
higher latitudes of the North Atlantic. 
As Sir Amos Ayre has stated,* in 
some cases this was provided in the 
form of additional dry ballast, but in 
later vessels of the British wartime pro- 
gram permanent water ballast tanks 
were added of approximately 1000 tons 
capacity distributed abreast the tun- 
nel, in the engine-room at the wings, 
and at each side—port and starboard— 
of the fore-hold bulkhead, thus ensuring 
the minimum loss of useful cargo space. 
In many cases, however, considerable 
dry ballast was carried in addition to 
this extra 1000 tons. 

That a similar problem existed with 
the “Libertys” is evident from the fact 
that during the war the U.S. Maritime 
Commission introduced a special scheme 
of ballasting in which 1500 tons of dry 
ballast was carried in Nos. 2, 3, and + 
holds, although this was partly with a 
view to reducing hull stresses. Condi- 
tions VIII and IX, Table VI, show 
the disposition of the ballast under this 
scheme, the latter indicating the ap- 
proximate condition after a North At- 
lantic return voyage with bunkers pre- 
viously taken in North America sufficient 


* Ayre, A. L. 1945. Trans.I.N.A., Vol. 87, p. 8, “Merchant Shipbuilding during the War.” 
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for a 6000-mile voyage (plus margin) 
only. It will be seen that by this means 
a favorable comparison with the “Ocean” 
class was obtained. Naturally, under 
peace-time conditions such a scheme 
would generally be impracticable, and it 
is understood few, if any, of these ves- 
sels carried this additional ballast over 
the period under review. The statistics 
included in Table I lend support to this 
statement. 

One of the difficulties with the 
“Liberty” type appears to be that the 
capacity of the forward deep tanks can- 
not be fully employed to correct for the 
consumption of fuel forward and pro- 
vide adequate trim for good steering 
and avoidance of pounding without at 
the same time appreciably reducing the 
propeller immersion. 

It may here be recalled that Sir Amos 
Ayre * has recommended that this class 
of vessel as suitable for peace-time serv-: 
ice (except in the north-North Atlantic) 


a mean ballast draught of 16 ft., 5% in. 
when fully bunkered (draught forward 
12 ft., 4 in. aft 20 ft. 7 in.). This 
would approximate fairly well to 
“Liberty,” Condition VIII, or “Ocean,” 
Condition I of Table VI. H. Bocler 7 
has also made tentative recommenda- 
tions for minimum mean draughts in 
ballast based on mean depth allowing for 
side area of superstructure. From bal- 
last draughts quoted in his paper for 
typical vessels of 400 to 450 -ft. in 


length it would seem that with a small. 


quantity of fuel remaining and_pro- 


peller 80 percent immersed a mean” 
draught of about 0.33 of mean depth» 
would be representative of prewar prac- 
tice. On this basis for the “Liberty” ’ 
vessel minimum arrival draughts of 16_ 


ft. aft and 9 ft., 2 in. forward (mean 


12 ft, 7 in.) would seem appropriate, . 


i.e., approximating to “Ocean,” Condi- 


tion III, but with less trim by the stern. - 


DISCUSSION OF AVAILABLE EVIDENCE 


It is known that during the late war 
the “Liberty” and similar vessels were 
operated mainly in 9-knot convoys with 
engine speeds averaging about 60 Rpm., 
that is, well below the 3rd order torsional 
critical at 76 Rpm. This, together with 
the special precautions adopted in bal- 
lasting, probably protected’ the machin- 
ery against heavy racing. Since the war, 
however, most vessels have been operat- 
ing with average engine speeds be- 
tween 68 and 74 Rpm., possibly with 
occasional short bursts of higher speeds. 
Furthermore, with the virtual aban- 
donment of the war-time practice of 
carrying additional dry ballast, the 
arrival draughts of very many of these 
vessels have left a great deal to be de- 
sired (see Tables I and VI). The au- 
thor has spoken to some masters and 
engineers, and it seems generally agrecd 


* Op.cit. 


that when in ballast these vessels can 


race very heavily. Furthermore, a good 
many of the engines were not originally 
fitted with governors and with, possibly 


in some cases, less experienced crews, 
speed control by hand throttle may not. 


always have been too prompt. 


At this stage it may be well to recall 
that in many instances (see Figs. 10 and. 


11) the appearance of the fracture has 


exhibited the well-known “oyster shell” 
or “tree ring” markings so characteris- . 
tic of many fatigue failures. It is known. 
that these markings are symptomatic of 


periods of different rates of propaga- 
tion of the fatigue crack depending 


upon the intensity of overstress applied. . 


These are the very conditions. which 
characterize the service of a “Liberty” 
type screwshaft, i.e., occasional periods 


of heavy overstress during racing, fol-. 


+ Bocler, H. 1941-2. Trans.N.E.C.Inst. Eng. and Shipbuilders, Vol. 58, p. 241, “The Ballasting 


of Cargo Ships.” 
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lowed by longer periods of continuous 
operation at moderate fatigue stresses 
in the vicinity of the service speed. 

The latter stresses, i.e., from + 3000 
to + 4000 Ib. per sq. in. in torsion, and 
say +4000 Ib. per sq. in. in reversed 
bending, are not considered to consti- 
tute by themselves the prime cause of 
failure. Bearing in mind, however, the 
disastrously weakening effect of leaky 
rubber sealing rings and the possible 
stress concentrations caused by faulty 
fitting or machining of the keyed as- 
sembly, particularly when associated 
with the seriously damaging effects of 
previous heavy overstress during rac- 
ing, it is considered that as a precau- 
tionary measure continuous operation 
in the vicinity of the 3rd order 1-node 
torsional critical, coincident with the 
designed maximum service speed of 76 
Rpm., should be avoided (see Appendix 

This opinion is held despite the good 
record of the “Ocean” class, which 
have successfully withstood vibration 
stresses of equal magnitude at the same 
service speed, because in the “Liberty” 
vessels damage may well have been done 
already to the existing screwshafts by 
previous overstress during racing. It is 
important to note that such damage 
can exist without the actual initiation of 
cracks. 

As regards the serious consequences 
of racing through the 2nd order critical 
at 120 Rpm., with stresses of + 10,000 
Ib. per sq. in. and upwards in the 
screwshaft, it has been asked why more 
cases of shrinkage fit failures in the 
after L.P. crank webs have not been 
experienced (American sources quote 
only nine failures, of which four were 
associated with loss of propeller at sea), 
_and reference has been made to the 
results reported by Forsyth* for a 
similar but smaller installation (without 


* Forsyth, G. H. 
ments for 
t+ Russell, R. 1933. 
Shrink and Expansion Bits.” 


1943. Trans.I.Mar.E., Vol 


governor) in which the flank of the 2nd 
order critical was picked up at more 
than double the normal service speed of 
70 Rpm., giving rise to a stress of at 
least + 6000 Ib. per sq. in. in the screw- 
shaft superimposed on estimated occa- 
sional maximum stresses due to accel- 
eration of about 2200 lb. per sq. in. In 
this classic case it was stated that fail- 
ure of the shrinkage fit in the after 
L.P. crank web occurred on six occa- 
sions within 4% years. The trouble 
with this vessel was cured by increas- 
ing the shrinkage area of the after L.P. 
crank web and fitting a suitable gov- 
ernor. 

As a matter of interest it has been 
thought well to make calculations on the 
relative strengths of the shrinkage fits 
of the after L.P. crank webs in the two 
installations, neglecting shear strength 
of the dowel pins (fitted in both installa- 
tions). For this purpose a shrinkage 
allowance of 1/600 of the shaft diameter 
in the eye-hole has been assumed for 
each case and a value of 0.25 for the 
coefficient of friction. The latter figure 
may possibly be conservative, since R. 
Russell? has shown that for a small 
(and thus presumably dimensionally ac- 
curate) mild steel shrunk assembly with 
an allowance of only 1/1500 of the 
diameter, the value of the coefficient of 
friction in torsion amounted to 0.29 and 
0.9 when assembly was made with a 
rape oil film and perfectly dry, respec- 
tively. 

Expressing the torsional strength of 
the shrunk web assembly at slip in terms 
of corresponding shear stress in the 
screwshafts of the two installations, and 
with the above-mentioned assumption 
(neglecting the shear strength of the 
dowel pins), the following results have 
been calculated, applying the usual 
Lamé formula for the radial grip pres- 
sure :— 


. 55, p. 101, “The importance of governing arrange- 
arine Installations with Special Reference to Torsional Vibration.” 


Proc. I.Mech.E., Vol. 125, p. 493, “Factors affecting the Gripping Force, 
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Forsyth’s vessel—14,000 Ib. per sq. in. 
in 12-inch diameter 
screwshaft. 

“Liberty” vessel— 23,500 Ib. per sq. in. 
in 15%4-inch diam- 
eter screwshaft. 

The principal factors affecting these 

results are the relatively large diameter 
screwshaft in the former vessel, and the 
fact that in the “Liberty” crankshaft 


the diameter of the eye-hole in the web 
is increased by 1 inch over that of the 
journal and a correspondingly greater 
axial length provided. 

From the foregoing it can be con- 
cluded that the almost complete im- 
munity from crankshaft failures in. the 
“Liberty” vessels by no means proves 
that their screwshafts have not been 
subjected to severe torsional stresses. 


CONCLUSIONS 


It is believed that the many failures 
in the screwshafts of vessels of the 
“Liberty” and similar types are prima- 
rily the result of insufficient propeller 
immersion in the ballast condition lead- 
ing to excessive and frequent racing, 
which in turn has subjected the shaft 
to heavy vibration stresses, both tor- 
sional and bending. These stresses, taken 
in conjunction with existing stress 
raisers, have either been sufficient to 
cause early cracking with resulting 
rapid failure, or alternatively, have so 
weakened the shaft that fatigue failure 
has been brought about more slowly 
through the alternate action of over- 
stress and the moderate vibration 
stresses occurring near the service 
speed. Contributory factors have been 
the effects of corrosion fatigue from 


leaky shaft seals, slack-fitting propellers | 


and keys, and unnecessarily severe stress 
concentrations. 

In the light of the foregoing it is 
difficult to avoid the conclusion that 
serious consideration should now be 


given to the provision of additional 
water ballast capacity in oil-burning 
ships of the “Liberty” and similar types. 
Where hull strength is adequate, a 
practical solution could be obtained by 
the fitting of additional tanks abreast 
the shaft tunnel in No. 5 hold and the 
resulting loss of cargo space could be 
offset to some extent by reducing the 
depth of the forward deep tanks, which, 
in any case, at the present time are 
largely ineffective in improving the ves- 
sel’s immersion. 

It is believed that where steps are 
taken to ensure propeller immersions 
comparable with those usual in the coal- 
burning “Ocean” class, together with 
precautions, as indicated, to avoid con- 
tinuous operation at or near the existing 
3rd order critical speed, these measures 
will confer adequate protection against 
further screwshaft failures in this class 
of vessel, particularly where attention 
has been paid to the many smaller, but 
nevertheless important, details, of which 
examples have been given in the paper. 
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(Refer to original article for full appendices) 
Appendix I—The characteristics of the 1-node mode of damped torsional vibration 


of the engine-shafting propeller system with particular reference to the inter- 
pretation of seismic type torsiograph records. 


Appendix II—Calculations for determining torsional vibration stresses from torsio- 
graph records (Fig. 14). 


Appendix IJ]I]—General calculations on torsional vibration. 
Appendix IV—Calculations on bending fatigue. 


Appendix V—Precautions against the damaging effects of torsional and flexural 
vibration. 
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BOOK REVIEW 


“STEAM TURBINES AND THEIR CYCLES” 
BY J. KENNETH SALISBURY 


REVIEWED BY RUDOLPH MICHEL, 
Member, A.S.N.E. 


Publisher: JoHNnN Wirey & Sons, Inc., New York, N. Y. Price: $9.00. Cuap- 
MAN AND HAtt, Ltp., London. 


This book is a most valuable contribution to steam turbine and power plant 
literature. The book is divided into four parts, covering (a) thermodynamic and 
turbine fundamentals, (b) the regenerative cycle, (c) cycle analysis and (d) appli- 
cation engineering. 

The review of fundamentals presented in Part I of the book is most refreshing 
in the manner of presentation. Much valuable turbine design data not previously 
covered in American texts is presented. Not only does the author present design 
practice of his own company, but the published methods of other authoritative 
sources are presented. 

Part II gives a comprehensive treatment of heat balance calculations for ideal 
cycles. Derivations of formule are given as well as examples of their use. The 
short-cut method for evaluating heat rates of regenerative cycles, originated by the 
author, is of particular value. 

In Part III the author presents his method, of the analysis of actual power plant 
cycles. The method is unique in that it provides a means of determining small 
deviations, in an actual cycle, of the heat supplied and rejected in the ideal cycle. 
These deviations are a measure of the change in heat rate from the ideal. Differ- 
ences in plant heat rate, resulting from changes in feed water heating arrange- 
ments, are obtained by direct calculation of the differences rather than by separate 
calculation of two heat rates and determining the difference by subtraction. 

Part IV deals with practical design details and estimation of turbine steam rates 
and heat rates. In the Appendix a valuable set of steam table data is given. The 
enlarged Mollier diagram, printed in sections on separate pages, is of particular 
value to turbine designers. 


One wonders why such important factors as stress calculations of the various 
turbine parts were omitted. Also, there is no discussion of the problems of vibra- 
tion and critical speeds usually encountered. 

The language of the book is unusually clear and direct. In addition, the excel- 
lent format, printing and many curves and diagrams add to its usefulness. It is 
probably the most important American text published on the subject. 
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BOOK REVIEW 


“THE JAPAN SCIENCE REVIEW” 


We have just received Volume I, Number 1, of The Japan Science Review, 
Series I, Engineering Sciences. It is to be published quarterly by Association for 
Science Documents Information, Tokyo Institute of Technology. Subscription 
rate is $5.00 per year. Subscriptions should be mailed to 


THE JAPAN SCIENCE REVIEW 
ENGINEERING SCIENCES 
Executive Office: Association for Science Information, 
% Tokyo Institute of Technology, 
Ookayama, Meguro-Ku, 
Tokyo, Japan 


The first issue is of 212 pages printed by the offset process. We are advised 
that plans include improvement in the method of printing. Even as printed the 
“Review” is clear and easy to read. Some of the halftones are not as clear as 
might be desired. 


The table of contents lists 31 titles covering a very broad segment of the field of 
Engineering Sciences. It will be a valuable addition to an engineering or scientific 
technical library. 


The entire “Review” is written in English. 
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CHANGES IN MEMBERSHIP 


This section will, starting with this issue, be used to permit the membership 
list, which was issued as of 1 May 1950, to be kept current. 


OMISSION 


The Secretary regrets that the name of 
Lieutenant Commander W. J. McDonald, U.S.N.R. 
c/o Downtown Athletic Club, 19 West St. 
New York, N. Y. 
who has been a naval member, was omitted from the published list. 


ERRORS 


It is also regretted that the following errors were not corrected. 
On page 59, Naval Member 
John G. Wilson was printed as John B. Wilson, and 
On page 70, Civil Member 
Richard W. Frost was printed as Robert B. Frost. 


It will be greatly appreciated if any other omissions or errors are brought to the 
attention of the Secretary. 
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CHANGES IN MEMBERSHIP 


NEW MEMBERS 


The Society is pleased to announce the acceptance of the following new mem- 
bers since the publication of the Membership List as of 1 May 1950. 


NAVAL 


Brown, James Andrew, Commander, U.S.N., 
1613 N. Edgewood St., Arlington, Va. 


Carlson, Sidney Oscar, Jr., Lieutenant, U.S.N.R., 
Instructor, U.S. Marine Academy, Kings Point, N. Y. 


Crowley, Charles William, Lieut. Comdr., U.S.N.R., 
Asst. Div. Mgr., Opr., The Texas Company 
Mail: 1200 East 95th St., Seattle 9, Wash. 


Davis, William Howden, Lieut. Comdr., U.S.N.R., 
Asst. to Vice President, Alloy Engrg. & Casting Co., Champaign, III. 


DuBon, Frederick Valentine, Jr., Ensign, U.S.N., 
U.S.S. Roanoke (CL 145), c/o Fleet P. O., New York, N. Y. 


Johnson, Julian Frank, Lieut., j.g., U.S.N.R. 


Graduate Student, Brown University 
Mail: Metcalf Research Laboratory, Brown University, Providence 12, R.I. 


Kauffman, Hal A., Lieutenant, U.S.N., 
1924 5th St., Bremerton, Wash. 


Krepps, Phillip Calvin, Lieutenant, U.S.N.R. 
Turn Foreman, Power & Fuel, Upper Div. Nat. Tube Co. National Works, 


McKeesport, Pa. 
Mail : 2914 John St., Homestead Park, Pa. 


Liebrecht, Lawrence Clifford, Lieutenant, U.S.N.R., 
Shady Lane, Mundelain, III. 


McCaffery, Elmer Vernon, Chf. War. Mach., U.S.N., Ret. 
Field Engineer, Green Fuel Economizer Co., Beacon, N. Y. 
Mail: Upper Station Rd., RFD, Garrison, N. Y. 


McElroy, John Charles, Ensign, U.S.N., 
U.S.S. Wright (CVL 49) c/o Fleet P. O., New York, N. Y. 


Morse, Duane Edward, Chief Radio Elect., U.S.N., 
U.S.S. E-LSM 445, c/o Fleet P. O., New York, N. Y. 
Puidokas, Stanley Victor, Lieutenant, j.g., U.S.N.R. 
Asst. Development Engineer, Nash Motors Div., Kenosha, Wis. 
Mail: 4806 20th Ave., Kenosha, Wis. 
Smiles, Abner Sherman, Lieutenant, j.g., U.S.N.R. 


Webb Institute of Naval Architecture 
Crescent Beach Road, Glen Cove, L. I., N. Y. 
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Stello, Karl Henry, Lieutenant, j.g., U.S.N.R. 
Radio Engineer, Voice of America Relay Station, 
U.S. Dept. of State International Broadcast Div., Honolulu 
Mail: P. O. Box 3740, Honolulu, T.H. 
Watts, Charles Robert, Captain, U.S.N., 
Code 550, Bureau of Ships, Navy Dept., Washington, D. C. 


CiviL 


Barnard, Clayton, Application Engineer, Bailey Meter Co., 
Cleveland, Ohio 
Mail: 1343 Winston Road, So. Euclid 21, Ohio 


Cukier, Philip, Licensed Marine Engineer, 


Israel-America Line, 27 William St., New York, N. Y. 
Mail: Balforia, Post Affula, Israel 


Eaton, Reginald Orbin, Commander, U.S.N.R., 
Naval Service Engineer, General Electric Co., Los Angeles, Calif. 
Mail: 1864 Chatwin Ave., Long Beach 4, Calif. 


Gerrick, H. Georges, President, Randolph Engineering Co., 
2300 First National Bank Building, Pittsburgh 22, Pa. 


Gordon, Britton L., President, Blackmer Pump Co., 
Grand Rapids, Mich. 
Mail: 1809 Century Ave., SW., Grand Rapids, Mich. 


Harris, Henry Hickman, President, General Alloys Co., 
Boston, Mass. 
Director U.S. Naval Research & Development Cont. No. Nobs -45472 at 
Alloy Engineering & Casting Co., Champaign, II. 


Lubinski, Robert Albert, Planner & Estimator, 
New York Naval Shipyard 
Mail: 471 17th St., Brooklyn 15, N. Y. 


Luke, Roger M., Asst. to Chief Engineer, Hyde Windlass Co., 
Mail: 103 Middle St., Bath, Maine 


Mullestein, William E., Manager Field Sales, 
Lukens Steel Co., Coatesville, Pa. 


Phillips, Henry Weldon, Project Staff, 
General Electric-Knolls Atomic Power Laboratory, Schenectady, N. Y. 


Taylor, Warren F., Mech. Designer, Pioneer Service & Engineering Co., 
231 So. LaSalle St., Chicago, IIl. 


Worth, John Sharpless, Asst. Metallurgical Engineer, 
Bethlehem Steel Co., Bethlehem, Pa. 


748 


Re 


As 
Fi 
Hi 
M: 
Ni 
= 
/ 


it 


CHANGES IN MEMBERSHIP 


ASSOCIATE 


Fitzmaurice, Edmund Joseph, Jr., Sales Engineer, 
Electric Storage Battery Co., Washington, D. C. 
Mail: 4409 Warren St., Silver Spring, Md. 


Halpern, Benjamin, Chf. Engineer of Government of Israel Navy Dept. 
Mail: 2288 Mott Ave., Far Rockaway, L. I., N. Y. 
Marbury, Fendall, Jr., 
234 West Lafayette Ave., Baltimore 17, Md. 
Nelson, Joseph Frances, Lieutenant, j.g., U.S.M.S. 
3d Engr., United Fruit Co. 
Mail: 8835 Floyd St., Jacksonville, Fla. 
Roosa, Herbert H., Vice President, Munzel, Inc., 
315 Babcock St., Buffalo 10, N. Y. 
Mail: 54 Sargent Drive, Snyder 21, N. Y. 


The following have resigned : 


NAVAL 


Cator, George A. 
Farrel, Walter J. 


Stott, A. C. 
CIvIL 

Dilloway, T. M. 

Gibson, W. R. 


The Society has learned of and announces with 
deep regret, the deaths of 


WILLIAM RICE BALLOU, Naval Member 


and 


WARREN NOBLE, Naval Member 


749 


= | 


ASSOCIATION NOTES 


ASSOCIATION NOTES 


ORIGINAL ARTICLES 


The editor of the JourNAL is most anxious to obtain manuscripts of original 
articles on subjects of interest to naval engineers. Any manuscript accepted for 
publication becomes the property of the Society which copyrights it upon publica- 
tion. Authors are paid from $40.00 to $150.00 depending upon length, interest and 
professional value. 


The rules for manuscripts are as simple as we can make them. 


1. They must be legible (typewritten, double-spaced preferred) since no proof 
is submitted to authors for correction prior to printing. 


2. Single copy only is required. 


3. Mathematical formulae used must be set up, preferably by hand printing, 
so that there can be no question as to symbols, subscripts and exponents. 


4. Any drawing submitted must be black on white. A cloth or paper tracing 
is acceptable but not required. 


5. Photographs may be negatives, but glossy prints are acceptable. 


6. Include on a separate page a short biographical sketch(es) of the author(s). 
50 to 100 words for each author is desired. 


Manuscripts should be mailed addressed to: 


Secretary-Treasurer 

American Society of Naval Engineers 
605 F St., N. W. 

Washington 4, D. C. 


Manuscripts accepted will not be returned unless specifically requested by the 
author. If returned, they will be in the condition which has resulted from the 
work of the printer and the engraver. Immediately following publication, the 
author is furnished 10 reprint copies of his article free of charge. Additional 
copies may be purchased from the Society if the request is received 30 days prior 
- to the publication date which is the 25th of the issue month. Estimate of cost of 
additional reprints, which will vary with the nature of the article and the num- 
ber of copies ordered, will be furnished on request as soon as possible after the 
article is set up. 


Manuscripts not accepted will be returned, postpaid, by the Society. 


Manuscripts which are accepted will be published in the earliest JouRNAL 
which has not yet been closed (60 days before publication) and for which insuffi- 
cient material is already on hand. 
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ASSOCIATION NOTES 


Supyect MATTER AND AUTHORS 


To assist the editor in programming future issues, the help of all members is 
solicited. To make it easy, the last page in this issue is readily detachable as you 
will find. This page has blanks for two entries. 

(a) What subject would you, as a member, like to see covered by an article 
in the JouRNAL. 
and 


(b) Who do you consider best qualified to prepare such an article authorita- 
tively, and what is his address. (if you know). 
Any of these forms which are filled in and mailed to the Society will be 
received with thanks and the editor will follow up to get the suggested articles 
prepared. 


PHOTOGRAPHS 


Photographs of current or historical interest to readers of the JouRNAL are 
desired. Any which are accepted by the Society will be purchased by the Society 
at a standard price of $5.00 each. Such purchase will not include any copyright 
by the Society, but the contributor must hold the Society free from any charge 
of violation of any previous copyright. 


Notice oF DEATHS 


The Society has no satisfactory machinery for obtaining notice of deaths of 
members. It is particularly desired that we receive such notice upon the death of 
any past officer, past member of the Council or member of more than twenty 
years’ standing with photographs and short obituaries. It will be appreciated 
greatly if any member who learns of the death of a member will advise the 
Secretary-Treasurer. 


Society Button 


Shown below is an illustration of the lapel button of the Society. It is believed 
that it will be conceded that this is a very fine dignified insignia. It is. one-half 
inch in diameter. 


The oak leaves and lettering are red on a gold back-ground. 
It is available to all members at fifty cents (50c) each. 
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ASSOCIATION NOTES 


LIFE MEMBERSHIPS 


Any member may now purchase a life membership under the following rules: 


(a) Any dues paid for the year in which life membership is purchased will 
be credited to the cost of the life membership. 


(b) Life memberships are non-transferable and terminate with the death 
of the member. 


(c) No refund will be made on account of death or resignation of a life 
member. 


(d) Life membership will vary in cost with the age of the member at his 
next birthday following application, as follows: 


(e) All life memberships paid in shall be protected by a transfer on the 
books of the Society of Series G, U. S. Government 2% per cent bonds. Thus 
a life membership fund will be established. It will be credited with moneys paid 
in for life memberships and debited with the regular amount of annual dues for 
each life member each year. 


LOCAL CHAPTERS 


Local Chapters of the American Society of Naval Engineers may now be author- 
ized by the Council. The following rules for recognition of Local Chapters have 
been adopted by the Council: 


(a) Twenty or more regular members, Naval or Civilian, may apply for 
a Charter as a Local Chapter. 


(b) Each application must be accompanied by a list of members and a copy 
of local By-laws. The latter must meet the following minimum requirements. 


1. All financial dealings of the local Chapter must be independent of the 
Society and can in no way obligate the Society as a whole. The local chapter 
shall set up on a non-profit basis. All accounting shall be local. 


2. Each active local Chapter shall receive from the Society a grant of 
$0.50 per year for each naval member, civil member or associate who resides 
in the local area and who associates himself with the local Chapter. This 
grant may be used by the local Chapter to defray any necessary expenses, 
including (a) Letterheads, (b) Notice cards, (c) Postage, (d) Minimum 
rental allowance, (e) Secretarial service (part time). 
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ASSOCIATION NOTES 


3. Any technical papers presented at local chapter meetings shall be sub- 
mitted to the Secretary-Treasurer of the Society for consideration for publi- 
cation in the JournaL. Any paper accepted will be paid for at regular rates. 


4. Each local chapter shall submit a quarterly report of its activities to 
the Secretary-Treasurer. These reports must reach Washington, D. C. prior 
to 15 January, 15 April, 15 July and 15 October. This report shall contain 
a list of active local members as of the first day of the quarter for the pur- 
pose of computing the amount of grant. 


5. Associate members of the Society shall be eligible for membership in a 
Local Chapter, entitled to all the privileges of other members except voting 
and holding office. 
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ADVERTISEMENTS 


Fast lankers 


all with General Motors Diesel-Electric Drive! 


ROOF of the economy and effi- 

ciency of Diesel-Electric Drive 
is provided by the Navy AOG-type 
oilers. Built to transport fuel and 
lube oil for aviation and small craft 
use, these medium-sized tankers 
carry 2,000-ton cargoes at 14144 
knots—with remarkable economy in 
fuel consumption. Considering the 


ENGINES FROM 
150 TO 2000 H.P. 


GENERAL MOTORS 


DIESEL 
POWER 


size of ships’ personnel complement 
—with necessary space and supplies 
—these ships’ records are all the 
more important. Construction, un- 
der Navy design and specifications, 
was by Seattle-Tacoma Shipbuild- 
ing Co., of Tacoma, and Cargill, 
Inc., of Savage, Minnesota. Pow- 
ered by GM Diesels. 


One of the 23 AOG-type Navy 
oilers, powered by four 16-cylinder 
General Motors Diesel engines, 
aggregating 6,400 brake H. P. 


Cleveland Diesel Engine Division 


CLEVELAND OHIO 
GENERAL 


MOTORS 
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AnaconoA Cupro-Nickel 754 Tubes 


prove economy in severe test 


With tubes of other standard alloys, 
ANACONDA Cupro-Nickel 754 Tubes 
(copper 89.25%, nickel 10%, iron 
0.75%) were subjected to a 10 months’ 
accelerated corrosion-erosion test at 
Kure Beach, N.C., with 45 to85 deg. F. 
turbulent sea water flowing through 
the tubes at an average velocity of 
11.7 ft. per second. 

Results, supported by performance 
of actual installations operating 
under severe conditions, indicate that 
ANACONDA Cupro-Nickel 754 (U. S. 


Patent No. 2,074, 604) tube and sheet 
alloy gives economical service for 
central station and marine condensers 
handling clean and some types of 
polluted sea waters. 

For details, or consultation with 
ANACONDA Condenser and Heat Ex- 
changer Tube specialists, please ad- 
dress The American Brass Company, 
Waterbury 20, Connecticut. In 
Canada: Anaconda American Brass 
Ltd., New Toronto, Ont. 49125A 


For efficient heat transfer-ANACONDA 


CONDENSER TUBES 


the leading manufacturer of 
SHORAN ...LORAN...TELERAN... 
RADAR ...RADAR ALTIMETERS ... 
SONAR ... BATTLE ANNOUNCE and 
RADIO COMMUNICATIONS EQUIPMENT 


GOVERNMENT EQUIPMENT SECTION 
RADIO CORPORATION of AMERICA 


ENGINEERING PRODUCTS DEPARTMENT, CAMDEN, H.J. 
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ADVERTISEMENTS xix 


THE VESSEL” 


Worthington Equipment 
Is Outstandingly Rugged, 
Dependable and Economical 


Compressors 
Diesel Engines 
Turbines & Turbo-Generator Sets 


Centrifugal, Steam, Power, 
Vertical Turbine & Rotary Pumps 


Condensers, Ejectors & Deaerating 
Water Heaters 


Air Conditioning 
q & Refrigerating Equipment 


Liquid Meters 


For details proving ‘‘there’s more 
worth in Worthington,’’ contact 
Worthington Pump & Machinery 
Corporation, Marine Division, 
Harrison, N. J. 


World’s Broadest Line of 


Engine Room Auxiliaries 


| 
WORTHINGTON 


xx ADVERTISEMENTS 


Your Good Living Comes 


From 


Giant Allis-Chalmers hydraulic and 
steam turbines with their generators 
and controls provide dependable, low 
cost light a power for your home, 
your job, your recreation. 


Allis-Chalmers makes major industri- 
al equipment for every basic industry 
. .. Mining, cement and rock prod- 
ucts, food, chemical, pulp and paper, 
textile, petroleum, steel; pumps and 
V-belt drives for all industry. 


Nearly every one of the things that 
you use, wear or eat is helped some- 
where along its road to you by one 
of Allis-Chalmers many products. For 
Allis-Chalmers makes a wider range 


World 


Power is controlled, distributed and 
utilized through Allis-Chalmers trans- 
formers, switchgear, regulators and 
motors... turning raw electric power 
into useful energy. 


Allis-Chalmers makes tractors for ag- 
ricultural and industrial uses plus a 
complete line of implements and ac- 
cessories. All these varied lines mean 
better living for all Americans . . . 
better living for you. 


of major industrial products than any 
other company . . . products in indus- 
try’s “hidden world” of machinery 
that serve you and every American. 


MILWAUKEE 1, WISCONSIN 
ALLIS-CHALMERS 


One of the Big 3 in Electric Power Equipment... 
Biggest of All in Range of Industrial Products 


A-2895 
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ADVERTISEMENTS XXi 


CONSTRUCTORS OF MARINE EQUIPMENT FOR U. S. NAVAL 
VESSELS SINCE 1891. 


Steam Generators Condensers Distillers 
Superheaters Economizers Air Ejectors 


Vacuum Refrigeration Air-Conditioning Units 
FOSTER WHEELER CORPORATION, 165 Broadway, New York 6, N. Y 


XXii ADVERTISEMENTS 


You Can Depend on I-R 
MARINE PUMPS 


FOR LOW MAINTENANCE, SUSTAINED EFFICIENCY 
AND CONTINUOUS PERFORMANCE 


Ingersoll-Rand has a background in the design and 
application of marine pumps that dates from 1860. 
This vast experience, and the company’s modern 
. manufacturing and research facilities, enables I-R 
engineers to help you select the most efficient pump, 
of the proper materials for any pumping service 
aboard ship. 

The complete line includes horizontal and vertical 
centrifugal pumps for boiler-feed, condenser circulat- 
ing, condensate, fire, Butterworth, sanitary and main 
cargo service. Consult an Ingersoll-Rand Marine spe- 
cialist for the answers to your pumping requirements. 


Ingersoll-Rand 
g Cameron Pump Division 
480-10 : 11 BROADWAY, NEW YORK 4, N. Y. 


PROVEN IN THE SERVICE 


For 58 years, Cutler-Hammer, Pioneer Electrical Manufacturer, has furnished 
dependable control to all departments of the United States government. Built to 
specifications . . . backed by an outstanding record of performance. 
CONTROL APPARATUS FOR ALL MARINE USES 
Motor Contrcl for Every Service, Ventilating Fans, Pumps, Cargo Winches, Capstans, a 
Windlasses, Laundry Machines, etc. 


Magnetic Brakes, CUTLER 
Motor Operators for Valves, —— _ Magnetic Clutches, 
Limit Switches, == MOTOR CONTROL == Watertight Door Control. 


Solenoids, Rheostat: Pushbuttons 


CUTLER-HAMMER, Inc., 1354 St. Paul Avenue, MILWAUKEE 1, WIS. 
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ADVERTISEMENTS XXiii 


More service... 
— 100% More power 


NEW TEXAS HIGHWAY DEPARTMENT FERRIES 


with Powerful G-E Diesel-Electric Drives 


Two new ferry boats now being operated by the Texas Highway 
Department replace two old steam-powered vessels on the Gal- 
veston-Point Bolivar run. The new boats, powered by General 
Electric diesel-electric drives, are proving themselves better in 
every way than the old steamers they replaced. 

G-E propulsion motors, generators and finger-tip control in 
the pilot house, allow quick, easy manuevering in crowded 
waters. The diesel-electric propulsion system gives new economy 
and efficiency with peak power available at all times. 

When you’re considering propulsion drives for work boats, 
don’t overlook Diesel-electric. For complete information call 
your nearest General Electric sales representative, or write 
Apparatus Department, General Electric Company, Schenectady 
5. New York. 


GENERAL (96) ELECTRIC 
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This rubber diaphragm is a vital part 
of an improved “packless” valve re- 
cently developed. It provides an air ay 
tight seal for hard-to-hold gases or vola- Wee, cs 
tile, corrosive fluids. The diaphragm is =. \ 
strong enough to contain high pressures 
—-yet sufficiently flexible to permit easy 
valve action. 

In addition to heat, chemical, and 
abrasion resistance, the rubber dia- 
phragms must endure test flexings equal 


Th 


to many years of normal operation. a 
Continental met— and exceeded — w 

these exacting manufacturing specifica- n 

tions. The solution of this problem 

typifies the technical service in rubber 

offered by Continental. n 
When you need better engineered k 

rubber parts, why not enlist the help u 

of specialists? ve 


CONTINENTAL 
RUBBER WORKS 3 
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ERIE PENNSYLVANIA 


U. S. NAVAL INSTITUTE 


FOUNDED IN 1873 


“FOR THE ADVANCEMENT OF PROFESSIONAL, LIT- 
ERARY, AND SCIENTIFIC KNOWLEDGE IN THE NAVY” 


U. S. NAVAL INSTITUTE PROCEEDINGS 


PUBLISHED MONTHLY, ILLUSTRATED EXTENSIVELY, FOR OVER 
SEVENTY-FIVE YEARS HAS BEEN THE Navy’s Forum. 


MEMBERS OF THE AMERICAN 
SOCIETY OF NAVAL ENGINEERS 


Should read the PROCEEDINGS for pleasure and profit. The 
issues contain anecdotes and reminiscences, incidents from his— 
tory and essays on topics of naval interest, technical articles and 
treatises on naval development and progress, book reviews and 
discussions, and international and professional notes. Member- 
ship dues (including PROCEEDINGS), $3.00 a year. Subscrip- 
tion rate, $5.00 a year. (Foreign postage, $1.00 extra.) Single 
copies 50 cents (except some scarce issues). 


APPLICATION FOR MEMBERSHIP 


SECRETARY—T REASURER 
U. S. NAVAL INSTITUTE 
ANNAPOLIS, MARYLAND 

I hereby apply for membership in the U. S. Naval Institute 
and enclose $3.00 in payment of dues for the first year to begin 
with Wes CS issue of the PROCEEDING (the monthly 
magazine of the U. S. Naval Institute). 

I am interested in the objects and purposes of the Institute, 
namely, the advancement of professional, literary, and scientific 
knowledge in the Navy. I am a citizen of the United States and 
understand that members are liable for dues until the date of 
receipt of their written resignations. 
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XXV1 ADVERTISEMENTS 


BETHLEHEM STEEL COMPANY 


Shifel ty, De 


NAVAL ARCHITECTS AND MARINE ENGINEERS 


SHIPBUILDING YARDS 


QUINCY YARD 
Quincy, Mass. 


STATEN ISLAND YARD 
Staten Island, N. Y. 


BETHLEHEM-SPARROWS POINT 
SHIPYARD, INC. 
Sparrows Point, Md. 


BEAUMONT YARD 
Beaumont, Texas 


SAN FRANCISCO YARD 
San Francisco, Calif. 


SAN PEDRO YARD 
Terminal Island, Calif. 


SHIP REPAIR YARDS 


BOSTON HARBOR 
Atlantic Yard 
Simpson Yard 

NEW YORK HARBOR 
Brooklyn 27th Street Yard 
Brooklyn 56th Street Yard 

Hoboken Yard 
Staten Island Yard 


BALTIMORE HARBOR 
Baltimore Yard 


GULF COAST 
Beaumont Yard 
(Beaumont, Texas) 

SAN FRANCISCO HARBOR 
San Francisco Yard 


SAN PEDRO HARBOR 
(Port of Los Angeles) 


San Pedro Yard 


General Offices: 25 Broadway, New York 4, N. Y. 


On the Pacific Coast shipbuilding and ship repairing are performed by the Shipbuilding Division of 
Pethlehem Pacific Coast Stee! Corporation 


a m BETHLEHEN 
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ADVERTISEMENTS XXVii 


Worldwide Experience 


in Communications Research and Manufacture 
— in the Service of America 


While |. T. & T.'s associate companies 
abroad are contributing to the re- 
habilitation and expansion of com- 
munications in nations ravaged by the 
war, the technical skills of the System 
affiliates in this country are devoted 
largely to the service of the United 
a States. Its American research unit, 
Oe Federal Telecommunication Laborato- 
i | ries—with its unique experimental tower 
—and the factories of the Federal 
Telephone and Radio Corporation 
are united in a productive partner- 
ship dedicated to the achievement of 
better communications for the nation. 


INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 
: 67 Broad Street, New York 4, N. Y. 


U. S. Manufacturing Subsidiary —Federal Telephone and Radio Corporation 
U. S. Research Unit—Federal Telecommunication Laboratories 
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The vast experience of Ward Leonard includes : 
the entire period of the application of electricity. 
Every item in the line of Ward Leonard controls 
is a product of sound engineering, practical de- 
signing and careful manufacture . . . each plan- 
ned to meet a specific set of conditions ... 
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Resistors .. . Rheostats .. . Relays .. . Contactors 
Motor Starters . . . Controllers . . . Speed Regula- 
tors... Automatic Voltage Regulators .. . Dimmers. 


ELECTRIC CONTROL DEVICES SINCE 1892 


WARD LEONARD 
ELECTRIC CO. 


MOUNT VERNON NEW YORK 


“Parry TURBINE 


Terry Marine Turbines are dependable, compact, effi- 
cient machines especially designed for driving gener- 
ators, boiler feed pumps, fuel oil pumps, compressors, 
etc. aboard ship. They offer the advantages of over 
fifty years experience in the Marine Field on both 
Commercial and Naval Vessels. 

Turbines ranging from 5 to 3000 H.P. are built in 
the Terry Solid Wheel design as well as in the Axial 
Flow, single stage and multistage types. 

Complete details on any turbine application will be 
gladly furnished. 


THE TERRY STEAM TURBINE COMPANY 
P. O. BOX 1200 HARTFORD 1, CONNECTICUT 
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ADVERTISEMENTS XXiX 


KINGSBURY 
THRUST BEARINGS 


Through two World Wars, Kingsburys have been pre- 
ferred for difficult conditions of load or speed and for 
applications demanding maximum dependability with min- 
imum care and maintenance. 


Due to the Kingsbury Principle of tilting "shoes" and 
wedge-shaped oil films, there is no metallic contact while 
running, and the working surfaces have indefinite life. 


= KINGSBURY MACHINE WORKS, INC. 
PHILADELPHIA 24, PA. 


U. S. S. "MISSOURI" 
Each battleship of this class 
ip KINGSBURY 36 Bearings, in- 
cluding four, size 49 in., on 
propeller shafts. 


Official U. S. Navy Photo—Underwood-Stratton. 
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XXX ADVERTISMENTS 


HISTORIC 
SUB 


U.S.S. CUTTLEFISH, launched in 1933, 
was the first submarine built for the 
United States Navy at the Electric Boat 
Company’s shipyard at Groton, Con- 
necticut . . . inaugurating the building 
program which resulted in the construc- 
tion at Groton of over 100 modern sub-. 
marines during World War II. 

The CUTTLEFISH was also the first 
submarine to feature welded hull con- 
struction, pioneered by Electric Boat 
and now the standard method of fabri- 
cation ... one of the many significant 
improvements developed in collabora- 
tion with Navy experts to keep the 
United States first in submarine design. — 


ELECTRIC BOAT COMPANY 


Submarines and PT Boats * Groton, Connecticut 


NEW YORK OFFICE ELECTRO DYNAMIC DIVISION CANADAIR LIMITED 
445 Park Avenue, Electric Motors and Generators Aircraft 
New York, N. Y. Bayonne, New Jersey Montreal, Canada 


Navy and Coast Guard men who have had 
experience with C-B Diesels, who have de- 
pended upon them in action, know that 
these fine engines stand for dependability 
in its broadest sense. Perhaps they do not 
know that the outstanding performance of 
every modern Cooper-Bessemer is due in 
part to a century-old background of engine- 
building experience, This, combined with 


truly advanced éngineering, has enabled 
Cooper-Bessemer Diesels to do a notable 
job in Navy and Coast Guard vessels from 
the biggest combat ships to relatively small 
patrol boats. Yes, you can always count on 
Cooper-Bessemers for Diesel performance 
at its finest. 


The Cooper-Bessemer Corporation 
MOUNT VERNON, OHIO — GROVE CITY, PENNA. 
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WHEREVER THERE'S A COOPER-BESSEMER 
THERE'S RELIABLE POWER! 


ADVERTISEMENTS 


Raytheon is There! 


and will spare 10 effort to de- 
sail, in peace or in war, sign, build, and improve its 
Raytheon is there serving the products so that U. S. Services 
Navy with radar, submarinesig- 49 depend upon the utmost re- 
nalling and sound detection de- liability in Raytheon equipment. 


vices and Fathometer* sounding RAYT HEON 
MANUFACTURING COMPANY 


equipment. 

Submarine Signal Division 

Raytheon is proud to be “con- Waltham 54, Massachusetts 
ES 


tractors to the Armed Services” CONTRACTORS TO THE ARMED 
* Reg. U.S. Pat. Of. 


HEREVER the Navy's ships 
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TEAR OUT, FILL IN THE TWO BLANK SPACES 
SIGN AND MAIL TO: 


Secretary-Treasurer 

The American Society of Naval Engineers, Inc. 
605 F St., N. W. 

Washington 4, D. C. 


I would like to see an article in the Journat of the following 
subject : 


could prepare an 


authoritative article on the above subject. 


Member 
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QUALIFICATION FOR MEMBERSHIP 


Commissioned and ex-commissioned officers of the regular Navy, Marine 
Corps and Coast Guard of the United States; warrant and ex-warrant 
officers of the regular Navy, Coast Guard and Marine Corps of the United 
States ; reserve commissioned and warrant officers of the Navy, Coast Guard 
and Marine Corps of the United States shall be ‘eligible as Naval Members. 
Persons eligible as naval members shall be admitted upon application and 
payment of annual dues. _ 


Persons in civil life whose knowledge of engineering is such that they 
can cooperate with Naval engineers in the promotion of professional knowl- 
edge may be eligible as civil members. They shall have been in the active 
practice of an engineering profession for at least eight years and in re- 
sponsible charge of important work for five years, and shall be qualified to 
design as well as to direct engineering work. Fulfilling the duties of a 
professor of engineering who is in charge of a department in a college or 
school of accepted standing shall be taken as an equivalent to an equal 
number of years of active practice. Graduation from a school of engineering 
of recognized standing shall be considered as equivalent to two years of 
active practice. Persons eligible as civil members may be admitted upon 
application and payment of annual dues, provided that the application is 
accompanied by the recommendation of two members and provided that 
the application shall receive the approval of a majority of the Council. 


Persons in civil life who are not eligible for civil membership, but who 
are especially interested in naval matters or the merchant marine may be 
eligible as associate members. Commissioned officers of the United States 
Army and of foreign military and naval services may be eligible as associate 
members. Persons eligible to associate membership may be admitted upon 
application and payment of annual dues, provided the application have the 
recommendation of a member and provided the application shall receive the 
approval of a majority of the Council, except that in the case of com- 
missioned officers of the United States Army and of foreign naval and 
military services, the recommendation of a member will not be required. 


Associate members shall be entitled to all the privileges of other mem- 
bers except voting and holding office. 


The annual dues shall be $7.50 payable on 1 January in advance. 
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APPLICATION FOR MEMBERSHIP 
IN THE AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 


Date 


I hereby make application for membership* in the American 
Society of Naval Engineers and submit the following information : 


For Naval Membership 
(First) (Middle) (Last) 


Name 
Rank File No 


Business connection and position, if any 


For Civil Membership _ 
(First) (Middle) _ (Last) 


Name 


Years in engineering work 
Years in responsible charge of important work 


Present business connection and position 


Recommended by (two members) 


For Associate Membership 
(First) (Middle) 


Name 

Rank, if Commissioned Officer of 
U. S. Army or of foreign mili- 
tary or Naval service 


Business connection and position: 


Recommended by (one member) 


Signature of Applicant 


Address for Journal and Mail 


MAIL TO SECRETARY-TREASURER 
Tue AMERICAN Society or NAvAL INC. 
605 F Str., N. W., Wasarncton 4, D. C. 


*See reverse side for required qualifications for various classes of membership 


- 
4 
(Last) 
i ; 
; i” 


— 


Current: 


SECRETARIES OF THE SOCIETY 


Captain J. E. Hamirton, U. S. Navy 


Past Secretaries: 


1889 A. Engineer R. S. Grirrin, U. S. Navy 
1890 Assistant Engineer W. M. McFarranp, U. S. Navy 
1891 Assistant Engineer Emm Tuetss, U. S. Navy 
1892-93 P. A. Engineer W. M. McFarranp, U. S. Navy 
1894-95 P. A. Engineer R. S. Grirrin, U. S. Navy 
1896-97 P. A. Engineer F. C. Brec, U. S. Navy 
P. A. Engineer W. M. McFarranp, U. S. Navy 
Chief Engineer A. B. Wittits, U. S. Navy 
Lt. Comdr. A. B. Wittits, U. S. Navy 
Lieutenant B. C. Bryan, U. S. Navy 
Lieutenant C. W. Dyson, U. S. Navy 
Lt. Comdr. Joun R. Epwarps, U. S. Navy 
Lieutenant M. E. Reep, U. S. Navy 
Lieutenant W. W. Waite, U. S. Navy 
Lieutenant C. K. Mattory, U. S. Navy 
1907-08 Lt. Comdr. T. C. Fenton, U. S. Navy 
1909-10 Lieutenant H. C. Drncer, U. S. Navy 
1911 Commander U. T. Hotes, U. S. Navy 
1912 Lieutenant Joun Ha ttican, U. S. Navy 
Lt. Comdr. E. L. Bennett, U. S. Navy 
1913 — Lieutenant O. L. Cox, U. S. Navy 
1914 Lt. Comdr. H. C. Dincer, U. S. Navy 
1915-16 Lieutenant A. T. Courcn, U. S. Navy 
1917 Lt. Comdr. J. O. RicHarpson, U. S. Navy 
Lt. Comdr. F. W. Sterttne, U. S. Navy, Retired 
1918 Lt Comdr. F. W. Stertrne, U. S. Navy, Retired 
1919 } Lt. Comdr. F. W. Sterttnc, U. S. Navy, Retired 
Commander J. S. Evans, U. S. Navy 
1920 Commander J. S. Evans, U. S. Navy 
1921 Commander J. S. Evans, U. S. Navy 
Commander S. M. Rostnson, U. S. Navy 
1922-23 Commander S. M. Rostnson, U. S. Navy 
1924-25 Commander Bryson Bruce, U. S. Navy 
1926 Commander A. M. Cuartton, U. S. Navy 
Commander H. B. Hirp, U. S. Navy 
Commander H. B. Hirp, U. S. Navy 
Captain O. L. Cox, U. S. Navy 
1929-30 Commander H. T. Smitu, U. S. Navy 
1931 Captain O. L. Cox, U. S. Navy 
1932 Commander H. F. D. Davis, U. S. Navy 
1933-34 Commander H. B. Hipp, U. S. Navy 
1935 Commander C. S. U. S. Navy 
1936 C. S. U. S. Navy 
Commander Rocer W. Parne, U. S. Navy 
1937. Commander Rocrr W. U. S. Navy 
1938 Commander Rocer W. Patne, U. S. Navy 
Lt. Comdr. Guy CHapwick, U. S. Navy 
1939-40 Lt. Comdr. Guy Cuapwickx, U. S. Navy 
1940-44 Captain J. E. Hamitton, U. S. Navy 
1945 Commander R. T. SuTHERLAND, Jr. U. S. Navy 
1945-48 Captain F. W. Watton, U. S. Navy 
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